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ABSTRACT 
? he work reported in this thesis is a series of investigations 
designed to elucidate the nature of the olefin polymerisation reaction 
catalysed by a Ziegler-type system supported on magnesia and on rutile. 
All activation and polymerisation reactions were studied by direct 
vapour/solid or gas/solid interactions. Infrared spectroscopy was 
employed to present a qualitative picture of all stages of catalyst 
activation and to identify polymeric species formed when the catalyst 
was exposed to ethylene and propylene monomers. A quantitative 
investigation of catalyst activation on the magnesia support was under- 
taken using gravimetric and analytical techniques. In the light of 
these results a reaction scheme has been proposed for the production 
of active sites on the magnesia surface, In essentially similar scheme 
is proposed for activation of the rutile support, Polymerisation of 
ethylene and propylene monomers by the magnesia based catalyst wa a 
followed gravimetrically*, A study of, the process variables such as 
temperature#. monomer pressure and the effects of feedstock impurities 
was undertaken in order to formulate a kinetic model for the system. 
Strong kinetic evidence is presented for mass transfer control of the 
polymerisation rate* Such a model was supported by studies of the 
nature of the polymer formed, which appeared as a coherent encapsulating 
film on the catalyst surface, 
In a further series of ezperiments the pe=eation properties of 
ethylene and propylene monomers in thoircorresponding polymers were 
investigated. It is proposed that the permeation parameters derived 
from these studies find parallels in the olefin polymerisation reaction 
and this is interpreted as further evidence for diffusion control of the 
polymerisation reaction, 
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X1 
PREPACE 
The object of this investiigation was to study the kinetic 
featuresof gas-phase olefin polymerisations using a supported Ziegler 
catalyst system. Initial studies using microgravimetric and infrared 
spectroscopic techniques revealed features characteristic of a diffusion 
controlled reaction. Accordingly the diffusion properties of the 
olefins concerned in their respective polyolefins were investigated. 
-I- 
CHAPTER ONE 
INTRODUCTION 
PART A Olefin Eol3Merjpation ]2y Zjg! ý-ler--Natt. Q_. CAtaj_vsts. 
IA. 1) Develoment of olefin poly-merisation. 
Although the existence of ethylene polymers had been recognised 
as early as 1898 
1, 
a commercial process for their production was not 
2 developed until 1937 I. C. I. patented a process to produce low- 
density polyethylene from ethylene gas under conditions of high 
temperature and pressureq using trace amounts of oxyCen as catalyst. 
A modification of this conventional high-pressure process was introduced 
in 19563 
, 
producing a more commercially important high-density poly- 
ethylene. The early fifties saw the development of new systems for 
the Production of high-density polyolefins. Ziegler, working at the 
IJax Planck Institute in Germany, discovered that the combination of 
Tici 4 with an aluminium alkyl produced a catalyst capable of polymerising 
4p 5,6 ethylene monomer at sub-atmospheric pressures Subsequent work 
on this system by Natta led to the development of stereospecific 
78 
catalysts for cx-olefin polymerisation Phillips Petroleum and 
the Standard Oil Company9 (Indiana) introduced low-pressure polymerisation 
catalysts based on chromium oxides and molybdenum oxides respectively. 
Today, olefin polymers and co-polymers are produced mainly from low- 
pressure catalyst systems based on transition metal compounds. 
-2- 
IA. 2) Ze Zjgrd=ýZ-atta catalyst sYstgm. 
i) Definition 
- 
It is generally recognised that Ziegler-type catalysts 
are formed by combining, under an inert atmosphere, a metal alkyl or 
hydride with a transition metal salt, This chemical definition is 
taken to include the metal alkyls or hydrides of groups one to three 
and the transition metal salts of groups four to eight ct the periodic 
table of elements. The torm 'Ziegler-Natta catalyst' is applied to 
those combinations, within the above definition, which exhibit a steroo- 
regulating cc; adVfbr CL-olefin polymerisation. The number of such 
combinations is obviously vastp but the choice of a particular catalyst 
system and the experimental conditions used are dictated by the structure 
of the monomer to be polymerised and by the required stereoregularity 
of the resultant polymer. Thus we find that not only the chemical 
properties of the catalyst components, but also the physical state of 
the catalyst combinationp are important parameters. 
Stereoregýlar Polvolefins 
- 
Before the development of the Ziegler- 
Natta catalystsp high polymers were classified as wholly amorphous, or 
10 
partly crystalline, on the basis of their X-ray diffraction patterns 
Natta realised that the physical properties of polymers (density, 
melting pointp tensile strength etc. ) could be directly related to 
the steric configurations of the individual polymer moleculesll, 
12 
9 
Subsequently, he was able to define three classes of polyolefinsp 
according, to the degree of order in the molecules: 
- 
a) Atactic polymer 
- 
those olefin polymers in which the assymetric 
carbon atoms display completely random order of D- and L- configurations: 
-3- 
Clý C113 'r Clý 11 11 11 CH 3 
HH CH3 II CH3 CH 3 C'13 'r 
b) Isotactic polymer 
- 
those linear, crystallisable polymers 
of a 
-olefins, of head-to-tail structurOp in whichp over a cortain. 
chain length, tho assymetric carbon atoms display the same steric 
configuration: 
clý CH 3 CII3 CH 3 Cý 3 Clý 
H, NHHHH 
c) Syndictactic polymer 
- 
those linear cyrstallisable polymers 
of CC-olefins in which, over-a certain chain length, the -Cs'symetric 
carbon atoms are alternatively D- and L- configuration along the chain: 
CH3 IE CH3 H CH3 
H CH 3 Ir CH3 H 
This terminology cannot of course be applied to polyethylenes, 
which are generally classified according to their degree of crystallinity. 
Several methods of estimating the degree of crystallinity have been 
developed 13. One method defines atactic polymer as that fraction of 
a polymer sample which is soluble in boiling hexane. An infrared 
spectroscopic method is based on the relative intensities of bands 
characteristic of crystalline and amorphous polymer respectively. 
-4- 
X-ray diffraction and density measurements have also been used. 
Since each method gives a slightly different result for the crystalline 
content, it is often misleading to compare data determined by the 
different methods. 
iii) H2tgroreneous zieplex:: ýJatta catalysts. 
- 
The heterogeneous catalyst 
consists of a soluble metal alkyl and an insoluble transition metal salt# 
suspended in a hydrocarbon slurry (generally n-heptane or hexane). 
Pollowing Ziegler's discovery, much work centred around-the system 
A'(CZ5)317'C'3' although the use of AI(C AY' instead of Al(C 2H5)3 
has occasioned much interest, due to the greater stability of this 
system under polymerisation conditions14. The versatility of the 
heterogeneous system'is evidenced by the voluminous literature on the 
subject 15916,17 * -- Much of the earlier work is covered in the patent 
literature and is pro-occupied with catalysts based on titanium or 
vanadium halides in conjunction with aluminium or zinc alkyls. More 
recently'there have appeared many publications 
1308,19,20,21. 
concerning 
the use of tho'halides of Sc, Co, Cr, Fe, Un, Rf--and-Zr together with 
the alkyls of such metals as B, Sn and Pbaýý' For the sake of-clarity 
and continuityt subsequent discussion will be confined, as far as 
possible, to systems based on titanium halides and aluminium, alkyls, 
except where useful contrast or comparison with other systems is con- 
sidered relevant. One consequence of the very large number of catalysts 
is that it is now possible to produce polyolefins of pre-specified 
properties. The Al(C 2H5)3 /(X-TiCl 3 system, for example, will polymerise 
propylene gas to 80-9Wo isotactic polymer, while Zn(C 2H 5Va . 7'C'3 
-5- 
22 yields only 30-4Wo isotactic material 
. 
This discovery# that the 
polymer isotacticity fell with increasing ionic radius of the metal 
atom of the alkyl, suggested that the metal alkyl was intimately 
connected with the active site. The stereospecificity of the 
Ti catalyst also depends upon the crystalline modification A'(C2H532Cll C1323 
of the TiCl 3 used-, Reduction of TiCl 4 with hydroGen at SOOOC produces 
highly crystalline, purple cx-TiCl 3* Polymerisation usine this material 
leads to a highly stereo-regular polymer. In situ reduction of TiCl 4 
using the metal alkyl as reducing agent results in a mixture of products, 
certainly containing some P-TiCJ This procedure leads to a polymer 
product of lower stereoregularity. These studies led Natta to conclude 
that the active sites were produced on the crystal surfaces of TiCl 
when the two catalyst components were mixed, and that the isotactic 
stereoregulation-process was closely dependent upon the nature of the 
crystal surface of the solid component of the catalyst 
24 
. 
a 
iv) Homopmneous Zier-ler--Natta catalysts. In 1955, Natta reported that 
the soluble complex (1) formed by reaction of bis-cyclopentadienyl. 
titanium dichloride (Cp 2* Tici 2) with an aluminium alkyl. in hydrocarbon 
medium, was an active catalyst for ethylene polymerisation 
25: 
C5H5 cl 
TI Al 
c5H5 cl 
(1) 
Purther work revealed several similart soluble Ziegler systems 
15. The 
-6- 
negligible stereospecificity of such catalysts was taken as evidence 
in support of Nattals theory that stereospecificitY was a function of 
26 the crystal surface surrounding the active site However in 1962, 
Natta discovered that highly syndiotactic polypropylene could be 
produced using the soluble catalyst system (VC1 4 /Al(C 2H5)2 Cl/anisole) 
at temperatures below 233 -X27 0 These stereospecifio soluble catalysts 
28 
are now well documented Since they yield only syndiotactic polymer, 
in contrast to the hetero(; eneous catalysts which give isotactic materialt 
it has been suggested that the fundamental stereoregulatine mechanisms 
are of a different nature. Nevertheless, the soluble catalysts are 
more amenable to kinetic investigations and have often been employed in 
mechanistic studies. 
v) Solid Dhase'studies on Zier-ler-Natta cata-lvsts. Careful studies 
of heterogeneous Ziegler-NattQ catalysts are often complicated by 
solvent-catalyst 
29 
or solvent-monomer3o interactions. Accordingly 
investigations have been made of the interaction of gaseous olefin 
monomers with solid-phase Ziegler-Natta catalystsp in the absence of 
a hydrocarbon medium, In an extended series of papers, Rodriguez 
et a, 
31 
made a careful study of the reaction between CL-TiCl 3 and AlR3 
vapour (R = CH C IL The ensuing complex was an active polymerisation 3" 251 
catalyst for ethylene gas, Lipman and Norrish32 polymerised ethylene 
using the solid produced when the vapours of TiCl 4 and Al(CH 3)3, were 
reacted together. A detailed electron microscopy study of ethylene 
polymerisation on TiCl 3/Al(C2H5)3 has recently been reported33. Such 
studies have contributed much to the mechanistic understanding and will 
be discussed in detail at a later staCe (section A-4). 
- 
vi) Dtudies on su. Dportgd Zieder-ITattil catalysts, The objective 
of such an approach is to react the catalyst components together on 
the surface of an inert support. Kost of the published work in this 
field has appeared in patent form34j and-some of the claims are con- 
flicting. British Patent 1,024,336, for examplep claims that Mg(OH) 2 
yields an inactive supported catalystp while South African'Pat6nt 
687,223 specifically names Mg(011)2 as the basis for an active system. 
Much of the work concerns the use of oxidesp carbonates, hydroxides 
and hydroxychlorides of the group two metals,, especially Mg and Ca. 
Refluxine one of these powders with pure TiCl 4 liquid, followed by 
treatment with a hydrocarbon solution of a metal alkyl, produces a 
catalyst which is active for olefin polymerisation. A recent patent34, 
k 
claims that the system (MgC1 2* 6HýO/Al (CAYT'C14) can produce 
74000 gm. polyethylene per gm, Tiv an activity which exceeds that of 
many conventional Ziecler catalysts. Tung and McInnich35, in 1960, 
studied the effect of metal oxide additives on olefin polymerisation 
with the system TiCl 4/Al(C21Y3 in n-heptane solution. They were, able 
to correlate the degree of rate enhancement with the basicity of the 
oxide 
- 
Na2O, UgO and CaO promoted the polymerisation whereas acidic 
Sio 2 depressed the catalytic acticity. HockeY36 used infrared spectros- 
copy and microgravimetry to study the reactions of TiCl 4 and Al(CH3 - )3 
vapaurs with a hydroxylated silica surface. Using this combination 
he was able to polymerise ethylene and propylene, monomers. 
vii) Me-tal AljSyl-j: gee molvmgrisation catalysts. Many workers have 
reported that certain transition metal halides and related compounds are 
active catalysts for the stereospecific polymerisation of Q 
-olefins in 
-8- 
1A. 3) 
the absence of added metal alkyls15. Matlock and Breslow37 polymerised 
ethylene on vanadium and titanium metals while ball-milling the catalyst. 
Crystalline TiCl 2 has been used under a variety of conditions to 
produce both linear polyethylene3a and-isotactic polypropylene 
37. 
ý 
More recently, stereoregalar polymer has boon produced usine theýsoluble 
complex Zr(allyl) 4 
39. Here the stereoregulating power is obviously 
more fimdamental than with either the crystalline catalysts or the 
soluble bi-metallic complexes. Although such systems do not fall 
within the definition of Ziegler-Natta catalysts, their polymerisation 
characteristics are very similar and many workers suggest that a common 
mechanism is operative in both systems15 0- 
The chemistr-v of 
-the 
Ziegler-Nattg catglvst 
on mixing the two components of a Ziegler-Natta catalystv the 
first reaction is a partial 
- 
alkylation. of the transition-metal compoundo'31 
It is convenient to illustrate the extent and diversity of this reaction 
by reference to the system TiCl 4 /AlRý* 
proceeded according to 
40,41 
on mixing, the initial reaction 
TiCl 4+ AI-R 3 ---) RT'C'3 + A: LR2Cl - (111) 
(2) 
The stability of the tetrahedral complex (2) depended upon the nature 
of the alkyl group (R). If R was methyl then the complex was stable, 
but if R possessed aP 
-carbon atom with an attached hydrogen atom 
(eg. c2q, -), then (2) was unstable. The resulting decomposition of 
ý9- 
the mmplex led to reduction of the Ti(IV) species to Ti(III). The 
appearance of the Ti(III) dI system has boon followed by oloctron, upin 
17 
resonance spectroseopy, (E. S. R. ) Two mechanisms have boon proposed 
for this reduction but the bi-molecular decomposition (reaction 1.2) 
has gained more support than a-free radical mechanism (reaction 1.3 )40: 
TiCl 3 Cý2 Cff3 
ftH 2 Ti Cl 3+C 274 + C2 H (1*2) 1 
Tici 3 CH 2 C'r 2 
Tici 3-c2 H5 Tici 3+c 2H5' (1-3) 
31 Rodriguez reported that the initial reaction of crystalline 
a. TiCl 3 with AlR, vapour 
(R 
= CHý-p CýH5-) was a rapid abstraction of 
chloride ions from the surface of the crystal, forming Ti-alkyl bonds 
(reaction 1.4): 
TiCl 3+ AlR3 RTiCl 2+ AIR 2C" 
(3) 
Product (3) then reacted in two ways: 
- 
a) Reaction with further AlR3 led to aluminium fixation in the 
form of a non-volatile surface compound whose structure was thought to 
be. 
- II 
cl cl R 
Ti Al 
cl cl R 
i 
It was assumed that this complex, which was found to cover the majority 
of the crystal surfacet was not the source of the active site. 
- 
10 
- 
b) Alternatively (3) may decomposop probably following a 
similar mechanism to reaction (1.2). Tn this casep a vacancy was 
formed in the crystal surface and a titanium atom became accessible 
from the outside. 
Such incompletely coordinated titanium atoms are also present 
in untreated TiCl 3' situated around surface defects in the crystale 
It was Rodriguez's contention that these titanium atoms form the basis 
of the active polymerisation centre. A similar reaction sequence has 
been reported when TiCl 3 and A1R3 react together in a hydrocarbon 
mediumt although Caunt 
42 
reported that one of the reaction products 
(AlRC1 
2) acted as a catalyst poison, 
_, 
The reaction of TiCl 4 vapour with the hydroxylated surface of 
Sio 2 has been studied by Hocke 
6P43. He proposed that the titanium 
moiety may be appended in two ways: - 
Type A sites 
0+ Ticl 4 I 
si 
TiCl 3 I 
0+ Rci 
I 
si 
b) Type B sites 
11 
\ 
si-o O-si 
\1 
H 
Ticl 4 
ci ci 
Ti 
0 
Si- 
(1.5) 
2HC1 
Hockey followed the reaction of the appended Ti species with Al(C H3)3 
vapour using E. S. R. to monitor the appearance of the Ti(III) d! system. 
He concluded that the Al( CH3)3 vapour reacts to form a surface complex 
- 
11 
- 
which then decomposes (or rearranges) to yield a Ti(III)spocies. 
Chien4l, using Al(i-C Ir ) vapour, was unable to achieve reduction of 493 
Dio 2 supported Ti(IV) to Ti(III). However, using a hydrocarbon 
medium, all of the singly coordinated Ti(IV) (type A) was reduced, 
but only a small proportion of the doubly coordinated Ti(IV) (type B). 
He argued that the principal reduction mechanism was a bimolecular 
process (reaction 1.8) and that the steric requirements of such a 
reaction could not be met by the doubly coordinated Ti(IV) species* 
cl R H-le Cl 
Cl-Ti Ti- Cl 
II 
0u 
II 
si 01 
cl cl 
Ti 
.1F 
2.0 + RH +R 
1 
W. 
(118) 
The available evidence appears to suggest that the role of the metal 
alkyl-in producing an active catalyst is two fold 
- 
repeated alkylation 
and reduction of the transition-metal salt until stable centres possessing- 
the correct chemical and geometrical parameters are formed. 
IA. 4) Ilgehanism of olefin polymerisation by Zier-12M=Uatta 91tAlYsts 
i) Ydngtig fgatu=g of Zjemlen-ýatta nglymerisation In spite of 
voluminous kinetic experimentation it is difficult to define precisely 
the kinetic features which characterise the heterogeneous and homogenous 
Ziegler catalyst. Assessment of different kinetic investigations 
brings to light discrepancies in the conclusions reached by different 
workers, and serves to illustrate the complexity of the Ziegler-Natta 
system. Berger and Grieveson 
30 
pointed out that many of the discrep- 
- 
ancies can be attributed to the inherent instability of the catalyst 
chosen. Changes in the composition, crystal structure and valence 
state of the catalyst can complicate kinetic behaviour and it is 
therefore important to choose a suitably stable catalyst. The 
combination of TiCl 3 and Al(C 2H5)2 Cl is reported to possess such stabilityl4. 
Carefully planned experiments to eliminate mass transfer effects and 
exclude inhibiting impurities are essential. Typical rate curves 
17 for propylene polymerisation are shown in figure (1.1) The initial. 
induction period may be of the build up/decay type (A), obtained with 
Ticl 3 /Al(C 2H 5)2 Cl, or of the acceleration type (B), obtained with 
Ticl 3/Zn(C2 H 5)2* In both cases, a steady rate of polymerisation is 
attained and in the absence of catalyst decay this persists until very 
high monomer conversions, when mass transfer becomes important and the 
rate falls. Ethylene polymerisation curves show similar features 
but the induction period is generally of much shorter duration. 
rote 
A 
B 
time 
Fig- (1-1). Rate curves for propylene polymerisation, 
- 
13 
- 
Several workers have attempted to explain the oriGin of the 
induction period. Natta 
22 
suggested that the 'adjustment' period 
was necessary for agglomeration or cleavage of catalyst particles 
under the mechanical action of the growing polymer chains, until a 
particle size appropriate to the polymerisation conditions was obtained. 
In support of this, he showed that while finely ground and uncround 
catalyst particles gave curves of type A and type B respectivelyp the 
ensuing steady rates were identical in each case. Keii 
44 
proposed 
the formation of two types of polymerisation centre, one of which becomes 
deactivated during the initial stages of polymerisation, while the 
remaining sites, once activated, are responsible for the ultimate 
steady rate. In spite of conflicting evidence it is possible to 
draw the following general conclusions from the kinetic studies 
4505,17 
: 
a) The rate of polymerisation is effectively independent of 
metal alkyl concentration, once that a certain minimum concentration 
is exceeded. 
b) provided that there is a suitable excess of metal alkyl 
present.. the rate is directly proportional to the concentration of 
the catalyst (i. ee the transition metal salt). 
c) For a given catalystp in the absence of mass transfer 
effects, the rate is directly proportional to the monomer concentration. 
d) The temperature dependence of the rate obeys the Arrhenius 
law, although values quoted for the activation energy of polymerisation 
vary widely. 
ii) The nature of the active site. Despite early theories proposing 
a free radical mechanism, it is now generally accepted that the growing 
ý 14 - 
polymer chain is attached to a metal atom and that propagation 
occurs by monomer insertion into the metal-carbon bond. However the 
nature of the metal-polymer bond has not yet been precisely defined. 
Two possibilities are favoured: that the polymer grows by a bimetallic 
mechanism involving both the transition metal atom and the metal alkylp 
or that growth occurs solely by insertion into a transition metal - 
carbon bond. End group analysis studies of the polymer chains produced 
during ethylene polymerisation with the soluble catalyst complex (1) 
led Natta 47 to conclude that growth occurred by monomer insertion into 
the aluminium 
- 
alkyl bond. However, since the direct opening of the 
c5H 5\ 
Ti 
cl 
Al 
/R 
cH 11.1 cl R 55 
(R 
= C2 H 5; C6 H 5*) 
(1) 
aluminium-carbon bond by the incoming monomer appeared unlikelyt he 
proposed a mechanism based on a bimetallic complex centre (figure 1.2)48 0 
The incoming monomer is coordinated to the titanium atom, while simul- 
taneously the titanium-polymer partial bond is broken. The coordinated 
monomer becomes polarised and inserts into the aluminium-carbon bond. 
Other bimetallic mechanisms have been proposed by Patat and Sinn49, 
Huceins50 and Boor 
51 
. 
Although Natta's initial premise, based on 
end group analysis, has been shown to be ambiguous due to ligand 
exchange between the aluminium and titanium atomsP52 a vast amount 
of experimental evidence has been put forward in support of the 
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Fie. (1.2). The bimetallic growth mechanism proposed by ITatta. 
bimetallic growth centre. The mdin points may be sll=arised: - 
a) the sterospecificity of the catalyst depends markedly on 
the nature of the metal alkyl used, 
b) the energy of activation for the propagation. atep during 
polymerisation varies with the nature of the metal alkyl, 
- 
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e9go TiCl 3/Al(Y5)3'C3 H6 E act = 42.0 kJ/mole. 
Tici 3 /Zn (C2 H 5. )2/C3 Il 6 E act = 11.3 IcJ/mole. 
o) the basic shapes of the polymerisation. kinetic curves vary 
with different co-catalysts (section A. 4-i). 
Mcponents of the monometallic polymerisation centre propose 
that the active site is a transition metal-carbon bond and that the 
role of the metal alkyl is simply to alkylate the transition metal. 
Many workers hai; e confirmed that transition metal salts can be 
alkylated by the organo-metals 
19P53. In fact it has been suggested 
that in the homogeneous catalyst, (C 5H5 )2* Ticl 2/A'(C2"5)3' the active 
site is not associated with the soluble complex (1), but with a complex 
containing a titanium-alkyl bond 
54 
* 
In 1964 Cossee 55 proposed as the 
active site an actahedrally coordinated transition metal atom possessing 
a metal-alkyl bond and a vacant coordination position (figure 1-3). 
Polymerisation occurs by coordination of the monomer into the vacancy, 
followed by concerted insertion into the transition metal-alkyl bond. 
This proposal has received much support: 
- 
a) Cossee was able to put his hypothesis on a sound theoretical 
basis using quantum mechanical theory53 (section A4. iii. ). 
b) Rodriguez 31 concluded, on the basis of electron microscopy 
and stoichiometric studies on the TiCl 3 /AlR3 system, that polymerisation 
occurred only in those surface regions where chlorine vacancies 
(i. e. accessible titanium atoms) might be expected to occur. 
c) Studies of the copolymerisation of ethylene and propylene 20,21 
with a variety of catalysts showed that while the relative reactivities 
depended markedly on the transition metal halide na tu r9 (ZrCl 4) Ticl 4' 
- 
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6)ý132 VC1 4 ), they were completely independent of the metal alkyl 
structure. 
it R 
1Zx1 
Ile 
x Cil 
x"m x- m2 
x XO , -- 
11 
CH 
x2 
1 
2 
1X 1/ x1 
X- 
-Z. 4 X7M - _CH 
., 
Wýý (CH 
2)2 2 
x11 
xx 
Fic. (1-3), The laonometallic mbchanism proposed by Cossee. 
M= transition metal; X= halide atom; 
El 
- coordination vacancy*' 
d) studies on metal alkyl free polymerisation catalysts 
15 
indicate that polymer identical to that produced by conventional Ziegler. - 
Natta catalysts can be obtained. in such cases the propagation occurs by 
monomer insertion into a transition metal-alkyl bond, 
To date, no worker has been able to unequivocally show that 
growth occurs by either one of the above mechanisms, although taken 
collectively, the experimental evidence appears to favour polymer chain 
growth by insertion into a transition metal-carbon bond. Recentlyr 
several workers 
17,31,56 have proposed that two or more different types 
- 
18- 
of active centres may be present in the Ziegler-Natta catalyst. 
This heterogeneous site theory has been invoked to explain the mixtures 
of atactic and tactic polymer produced durine polymeriBation. 
- 
31 Rodriqiýez extended Cosseels theory and proposed that in addition 
to the basic monometallic active structure (figure 1,3)t an active 
bimetallic centre was also present (figure 1-4). 
R/ 
AIR 2c 
2H4 R/ 
A1R 2 
1/ X' 
--> X-11 /x CH x- M- 
-11 1 11 2 
x 411 1 cii 2 
xx 
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*% (CH )R Cil 2212 1 
,., 
'x 
1x 
X-M- x- m/-: 
- 
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x 
do 1 
x-"[ 2 
xx 
Fig. (1-4). The bimetallic growth mechanism proposed by 
Rodriquez. M= transition metal; X= halide 
atom; El= coordination vacancy. 
Th view of the importance currently attached to the Cossee type 
mechanism, the associated theory is discussed in the next section. 
iii) 
-The 
limnd-field th2or-y anrroach to thp, Qosgee mechaniSM. The 
general formulation ofthe active site proposed by Cossee55 was of an 
essentially octahedrallyýcoordinated ion of a transition elemento 
carrying in its coordination sphere one alkyl ligand and havine one 
- 
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vacant octahedral position. In thecasecM6 TiCl 3 /AlR3 system, such 
a complex would occur at the crystal surface, with four lattice 
chloride ions completing the octahedral formation. Cossoo proposed 
that the first step was coordination of the olefin monomer into the 
vacant pobition (figure 1-3). Complex formation between an olefin 
and a transition metal was discovered over one hundred years ago by 
57 58 
Zeise Chatt proposed that in such complexes the Tt-bond of the 
olefin combined with the metal d(x2 
- 
y2) orbital. Further overlap 
between the olefin It anti-bonding orbital and the metal d yz orbital, 
led to a kind of double bbnd between metal and olefin, one component 
having d, and the other Itsymmetry. Working from this established 
complex structure, Cossee expressed the bonding of the octahedral 
orbital 
complex R. TiCl 4 
(C 
2H4) in the form of a molecularAenergy diagram (figure 1.5). 
C2H4 
Rti, 
le... dxy, dxz 5xTI 3d 
C2 H4 
ý2 
_jl \\ 'AE T #\ 
cR 
> 
Fig. (1-5). Tentative molecular orbital energy diagram 
for the octahedral complex R. TiCI4-( C2H4 )55. 
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Hi's. considerations were simplified by neglecting the 4s and 4p 
orbitals and assuming that the titanium-chlorido bonds wore completely 
ionic. The prime factor in the insertion stop is the strength of the 
titanium-alkyl bond, For this to break in the required fashion, 
excitation of one of the bonding electrons from the titanium-alkyl 
bond to the next highest unfilled orbital must occur. In tho absenco 
of a coordinated monomer, the energy needed, AE, is obviously too high 
for thermal excitation since the c6mplex is stable at ambient temperatures. 
However, a bonded olefin ligand disturbs the degeneracy of the metal 
d-t 2g orbitals, forming the 
ý2 orbital and lowering the required 
10 *0 
energy to &E. When AE is sufficiently small, the alkyl group R is 
expelled as a radical which attache3itself to the neareat carbon atom 
of the olefin, while at the same time the other end of the olefin 
attaches itself to the metal. The concerted nature of this rearrange. 
ment lowers the activation energy for the migration of the alkyl group 
towards the olefinic carbon atom. It follows that for a transition 
metal to be operative as a catalyst, the metal-carbon bonds must be 
suffiently stable in the absence of coordinated monomer, while at the 
same time, olefin coordination must sufficiently destabilise the bond 
to allow rearrangement to occur. Purthermore only one electron is 
allowed to be present in the ý2 orbital and the transition metal is 
only suitable when the energy of its 3d level is between the bonding 
(n) and antibondine ( Tc*) levels of the olefin, From spectroscopic 
data, Cossee estimated the approximate values of the enerey levels 
concerned for several transition metals. On the basis of this, he 
concluded that while the chlorides of Sc, Ti, Yt, Zr, La, Hf and Ta 
- 
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should exhibit activityp those of Car Crv Sr and Ba should be inaotive. 
His conclusions are in accord with experimental evidonco. A more 
rigorous assessment of the electronic energy levels for the molecular 
orbitals of the octahedral complex (R. TiCl4-olofin) (4) and the 
tetrahedral complexes CHý. TiCl 3 (5) and C2 H5*Ti. Cl 3 (6) has recently 
been made. Begley and Pennella59 calculated that the energy of the 
lowest electron transition in the complex (4). correspondine to the 
initial step in the olefin insertion mechanism proposed by Cousees 
was close to the experimental activation energies for polymerisation 
(42-59 kJ/mole)- In addition they showed that on the basis of their 
electronic energy levelsp the complexes (4) and (5) should be stable 
at ambient temperaturest as observed. The soluble complex (6) was 
active when used alone for the polymerisation of ethylenop while 
complex (5) was inactive in the absence of a metal alkyl. This 
variation in activity was attributed to the difference in the values 
of the lowest electronic transition energy, only 1.07 electron volt, 
in the former case but 3.20 electron volt in the latter. 
The popularity of the Cossee mechanism owes much to this theoretical 
confirmation, However, any mechanism proposed for a Ziegler-4, Tatta 
systemo must stand or fall on its ability to explain the stereospecificity 
of the catalyst. The most cogent mechanisms are outlined in the next 
section. 
iv) Oripins of 5tereosreelfigity. Since Nattals discovery in 1955 70 
the phenomenon of stereospecificity in Ziegler catalysts has occasioned 
much researchp both experimental and theoretical. It is Generally 
- 
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accepted that stereospecificity has its origin in the oteric 
surroundings of the active site. Beyond this promise it has not boon 
found possible to present a unifying theory of storeoregulating catalysts. 
Of the models proposed to explain the orientating influence in 
(X-olefin polymerisation, the most appealing are those based on 
monomer-ligand and monomer-polymer interactions, leading to iaotadtic 
and syndiotactic placements respectively. With only one reported 
exception 
60 
. 
all isotactic polymerisations of (1-olefins have required 
a solid transition metal salt to be present 
61 It is clear however 
that the inherent stereoregulating properties cannot be assigned to 
either the individual transition metal, or to the metal alkyl component, 
but rather to some combination of the two. Since highly isotactic 
polymer may be produced using metal alkyl free catalystsp it is clear 
that the isotactic orientation does not require the presence of a 
metal alkyl molecule as an integral part of the active centre. However, 
this does not eliminate the possibility that bimetallic growth mechanisms, 
as proposed by Rodriguez 
31 
, 
do exist. There is much experimental 
support for a heterogeneous site theoryp invoking active centres of 
varying stereoregulating power. Progressive complexing of the active 
centres using electron donors such as amines, led to a higher degree of 
isotacticityp supporting the view that the more vulnerable exposed sites 
produce atactic polymerp while the stereo-active centres are based on 
the accessible metal atoms sheltered in chlorine vacancies 
51. Such 
results indicate that it is the liCand environment of the active centre 
which determines the complexing mode of the CL-olefin. In the mechanism 
proposed by Cossee, the incorporation of each monomer unit results in the 
- 
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positions of the vacancy and the Growing chain being interchanged. 
In a subsequent paper, Arlman and CosSO062 argued that after each 
momomer addition, the polymer chain moves back to its more favoured 
original position before the next monomer unit is coordinated. In 
this fashion, the CL-olefin molecules must assume identical orientations 
before inserting, leading to isotactic placement. 
With the discovery of stereospecific homogeneous catalysts 
came the necessity to define stereoregulatine parameters in the 
absence of a solid crystal surface. The very existence of syndiotactic 
polymer led workers to conclude that the steric placement of the 
incomine CL-olefin was determined solely by the interaction with 
the last inserted monomer unit, In the case of propylenov this 
monomer-polymer interaction was assumed due to the steric interplay 
of the methyl groups, so that each newly coordinated propylene molecule 
had the opposite configuration to the previous oneM,, The more recent 
discovery, that stereoregular polypropylene can be produced using the 
soluble catalyst Zr (allyl) 4 in the absence of metal alkyls 
bO has lent 
weight to the monomer-polymer interaction theory. 
v) Chain terninatio; j and chaill transfer, Growth of a particular 
polymer chain at the metal-carbon bond centre can be terminated by 
suitable choice of additions and experimental conditions. In this 
way it is possible to control the molecular weight of the polymer. 
At polymerisation temperatures above 373K, chain termination by thermal 
cleavage becomes important, as evidenced by the presence of terminal 
vinyl groups in the polymer 
63. Chain termination by hydrogen is 
- 
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believed, to involve the hýdrogenolysis of the metal-polymor bond 64 : 
2+ M- polymer > D-H + II- polymer 
The use of tritium cas 
65 led to the formation of polymer chains 
with a tritium label at each endo indicating that after termination, 
the M-H bond is capable of realkylation, reforming the metal-carbon 
bond centre. In the presence of a partial pressure of hydrogenp the 
polymorisation rates are generally lowerv probably duo to the higher 
activation energy required for monomer insertion into the, motal-hydrido 
bond. Recently however, it has been reported 
66 
that some catalysts 
show a rate increase on hydrogen addition and this was attributed to 
modification of the crystalline catalyst by the hydrogen, The use 
of metal alkyls as chain transfer agents has boon reported. ITatta 
67 
showed that transfer by Zn(C 2 If 5)2 involves a simple alkyl exchange 
between the ethyl groups of the alkyl and the growing polymer 
chains: 
11-Dolymer + Zn(C 2H5)2- ýo M-Ch + Zn. C211,; -mpolymer. 
PART B Infrared prectroscopic studies of sDecies adsorbed at-oxide surfaces. 
l. B. 1) Introduction 
Eischens and Pliskin laid the foundations of this work in the 
mid 1950's. Their techniques for sample preparation and recording 
spectra, the principles of which have been adopted in most subsequent 
6s 69 70 
studies, have been reviewed Books by Little and Hair in 1967 
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gave a comprehensive review of the infrared spectroscopic studies 
of species adsorbed at oxide surfaces. The recent literature has 
71 been covered in a review by Rochester and Scurroll 
Transmission spectroscopy, in which the absorption of radiation 
passing through the olide is measured, has been used in the majority 
of studies, although recently the use of reflectance infrared 
72 
sectroscopy has occasioned some interest Comparable results are 
obtained with both techniques. The oxide sample is Cenerally in the 
form of a compressed disc, although studies on loosely powdered oxide 
73 
samples have been made The presence of small amounts of impurity 
on the oxide surface can markedly affect the infrared spectrum and 
the sample is generally maintained in an evacuated infrared call. 
An electrically heated furnace, either internal or external, has 
been used both to degas the oxide disc and to study the effect of 
temper, ature on the surface species. Although spectra can be record6d 
at elevated temperatures, the Usual practice is to allow the sample 
to cool after a prescribed heat treatment and then record the spectrum 
at the temperature of the infrared beam (318K). The metal oxides 
commonly employed in heterogeneous catalysis (silica, alumina, 
magnesia, zeolites and the transition metal oxides) are transparent 
to infrared radiation over the range 1,000-10,000 ed". Thus infrared 
spectroscopy has proved a useful tool in studying species adsorbed on 
catalyst surfaces. 
vlated oxide surfaces. 1. B. 2) Hydror 
i) General features. All oxides, providing they have not been subject 
- 
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to hij; h temperature treatment in vacuo, have a layer of water on 
their surfaces under ambient atmosphoros at room temperature. In 
infrared spectroscopic studies, this appears as a combination of 
absorptions duo to surface hydroxyl Croups (3400-3800 cm7l) and 
molecular water (1600-1650 cm7l; 3000-3600 cm7l). 
The effect of temperature on these absorption bands has been 
71 
studied on many metal oxides Following heat treatment of the 
oxide in vacuo, the bands due to molecular water Gradually disappear 
(up to 473 K), leaving behind the absorptions due to the surface 
hydroxyl groups, The existence of several peaks in the hydroxyl 
stretching region has been commonly observedo indicating the presenco 
of several di stinct hydroxyl environments. The assignment of such 
peaks has proved the subject of much controversy in the literature. 
As a general rule, sharp absorptions at high frequencies (3600-3800 cm-1) 
have been assigned to isolated hydroxyl groups. Broader bands at 
low frequencies (3400-3650 cm7l) have been attributed to interacting 
hydroxyl groups (e. c. hydrogen bonded interactions). The thermal 
stability of surface hydroxyl groups is such that they have even been 
. 
74 detected on oxide surfaces evacuated at temperatures exceeding 2273 X
The sensitivity of both the shape and frequency of the hydroxyl 
absorption bands to the i=ediate surface environment of the hydroxyl 
groups has proved a powerful probe in studying the interactions of 
chemical species with the oxide surface. In particularp the hydroxyl 
frequency shifts observed ( AV =71) when the oxide surface was OH 
exposed to the weakly basic pyridine and ammonia, and the weakly 
acidic phenols, have proved useful in assessing--the pK a values of 
the 
70 
surface hydroxyl. groups 
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ii) The magnesium oxide surface. The formation of high surface 
area lactivet magnesia by the thermal decomposition of carbonato75 
or hydroxide 
74 
of magnesium has been described. For tho purpose of 
infrared spectroscopic studies, the second route is to be preferred 
since carbonate impurities left by the former method absorb strongly 
in the reGion 1200-1700 cm-1 
77. Thermal decomposition of manesium 
hydroxide leads to a loss of water vapour at about 550 K, corresponding 
to almost 32% of the sample weiCht. This weight loss, combined with 
a change in structure from a hexagonal lattice to the cubic lattice 
of magnesium oxide, leads to pore formation and a large increase in 
surface area. Anderson 
76 
, 
on the basis of Cravimetric and infrared 
studies, proposed a model for the magnesium oxide surface based on the 
predominance of the (100) crystallographic plane. The (100) plane 
presents a cubic array of Mg 
2+ 
and 0 
2- ions. Each chemisorbed water 
molecule was supposed to form a hydroxyl group adsorbed on a surface 
Mg 2+ ion (type A), with the remaining hydrogen forming another 
hydroxyl. group with an adjacent surface 0 2- ion (type B) (figure 1.6). 
type B 
type A 
4P mg2+ 
\ 
/U 
00 2- 
HHHH 
HOH HH 
rig. (1.6). Section through an ideal hydrated (100) face. 
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After heat treatment at. 573 K, two bands wore observed in the 
hydroxyl stretching region (3752 and 3610 cm7l). The strong sharp 
band at 3752 cm7l was considered to be the strotchinC vibration of 
the free hydroxyl eroups (type A) and the broad band at 3610 cm7l was 
assigned to the hydroxyl in the lower lyinG layer of the magnesium 
oxide surface. other workers have assignellhe band around 3610 cm7l 
to a hydrogen bonded surface hydroxyl grouP78 Heating at hiCh 
temperatures resulted in the Gradual removal of both of these bands 
until at 1020 K only a small peak duo to isolated hydroxyl groups 
remained. Recent studies by a reflectance technique gave comparable 
results, although the precise positions of the absorption maxima 
appear to depend upon the nature and thermal history of the sample72. 
It is generally accepted that, the surface hydroxyl, groups-of 
magnesia are largely ionic (Or character). Isotopic exchange 
using D20 is thus slow and difficult to accomplish at room temperature. 
However almost complete exchange may be effected by exposure of, the 
dehydrated surface to D20 vapour and pumping at 573K 
76. Hair 
obtained a pl[ý value of 15.5 for the isolated hydroxyls (3752 cm7 1 
79 illustrating their exceptionally weak acidity 
. 
Carbon dioxide 
undergoes rapid physical adsorption on the surface of magnesium oxide. 
Proeressive chemisorption eventually results in the formation of a 
broad infrared absorption (1200-1700 cm7l) characteristic of 
80 
carbonate ions similar to those in magnesium carbonate 
. 
It has 
been reported that the interaction between carbon dioxide and the 
surface hydroxyl groups of magnesia leads to the formation of 
81 bicarbonate species on the oxide surface 
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The rutile surface. The preparation of rutile samplea suitable 
for spectroscopic studies has been described. Jackson and Parfitt 
82 
studied the adsorption and desorption of water on rutile'and assigned 
the bands which appeared at 3700 (bridged OH group), 3690 (11-bonded 
bridged OH group), 3670 (terminal OH croup), 3420 (H-bonded terminal 
OH group) and 3350 and 3400 cm7l. (stroncly and weakly phymisorbod 
water) to hydroxyl species on the (110) plane. Two bands at 3615 
and 3530 cm7l were thought to be duo to either 011 Groups perturbed 
by physisorbed water, or to ph. ysisorbod water interacting with surface 
hydroxyl groups. Physisorbed water, amenable to deuterium exchangog 
was observed to be retained on the rutile surface at tomporatures 
as hiCh as 5701. Jones and HockeY83 concluded that in addition to 
the (110) plane, both the (100)and(101) planes influenced the hydroxyl 
stretching region. 
iv) Reactions of TiCl 
-r 
and Al vapours with surface hydroman,. Because 
of their high reactivity towards hydroxy species, these reagents have 
proved useful in the characterisation of surface hydroxyls. The 
reaction of TiCl 4 vapour with 
the surface hydroxyl Groups of silica 
has been studied by Hockey et a, 
84. He proposed that on a fully 
hydroxylated silica surface there were two tYPOs of hydroxyl. environmento 
the single type A (3750 cM7 
I) 
and the hydroGen bonded type B (3550 cm7l). 
13oth bands were completely removed by reaction with TiCl 4 vapour at 
room temperature, leading to singly and doubly coordinated titanium 
species respectively (figure 1.7). 
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Si- OH 
TiC1 4% Si- 0- Tici 3+ lici 
type A 
si 
N0 TiCl 
H "' N. H4 \0e. 
si le 
Si- ON. 
TiCl 2+ 21IC1 
type B 
Fig. (1.7). Reaction of TiCl 4 vapour with type A and 
type B surface hydroxyls of silica. 
Infrared studies also show that Al( CV3 reacts with all the 
available surface hydroxyls on the silica surface85. In addition, 
reaction with siloxane bridges has been observed (figure 1.8). 
Al (C'13) 2 
0 A' (CH3) 3 73 + 
si --ao si 
Pico (1.8). The reaction of Al(CIY3 VaPour with siloxano 
bridges in the silica surface. 
The consecutive reaction of Tim 4 and Al( CH3)3 vapours with 
the silica surface produced a surface species containina a Ti(III) ion. 
" 
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Exposure of this surface to propylene ras led to the appoaranco of 
infrared adsorption bands characteristic of polypropyleno36. 
Stoichiometric and E. S. R. studies by Chien have supported these 
observations 
41. 
Tici 4 reacted with the surface of rutile to form hydroGen 
chloride and Ti-ýO-TiCl 3 linkages, vith the removal of all accessible 
hydroxyl groups 
86 
0 
a 
l. B. 33. T; Ifrared s32ectroscorv of -Vol-volefins 
'With the increasing use of olefin polymers in the late 1950's 
came the need for reliable techniques for assessine their molecular 
strudture. Extensive studies of the vibrational spectra (both 
infrared and Raman) of polyethylene and polypropylene have resulted 
in the assignment of the majority of observed bands,, which approach 
13987 
sixty in the case of polyethylene Several absorption bands 
have been identified as characteristic of particular crystalline 
modifications of the polymer. These crystalline adsorptionst a 
consequence of the greater symmetry of crystalline polymer molecules, 
permit quantitative assessments of the amorphous and tactic contents 
of polymer samples. The most prominent absorption bands are those 
of the (C-H) stretching vibration, occuring in the region 2800-3000 
-1 cm, These bands, four in number, arise from the symmetric and 
asymmetric stretches of the CH 3 and CH 2 groups, In the spectrum of 
polyethylene, the asymmetric (2960 cm7l) and symmetric (2870 cm7l) 
CH3 stretches, due to terminal methyl croups, are very weak and, if 
ý 32 - 
visible at all, are usually observed as shoulders an the atrong 
asymmetric (2920 cm7l) and symmetric (2850 crr') CH 2 absorptions. 
The growth of polyethylene on the phillips catalyst 
88 
and on a 
supported Ziegler catalyst36 has been observed using infrarod 
spectroscopy. 
All four bands are prominent in the spoctrum of polypropýleneW 
(CH 3 at 2960 (VC, ) and 2866 (vS) cm7"; C112 at 2918 (va ) and 2840 
(V 
S) cm7l ). The precise position of these absorptions may vary 
with the atactic content of the polymer sample. 
PART C 
-Diffusign 
of rasea in -oolymers. 
introduction. 
The diffusion of Gas molecules through polymer films has been 
extensively investif; ated, particularly those aspects pertinent to the 
89 90 
packaging and paint industries 
. 
In 1937, Barror reported 
theoretical and practical techniques for studying the transport 
properties of penetrants in solids. Subsequent studiesp based on 
91,92 Barrer's concepts, have been adequately reviewed A comprehensive 
mathematical treatment of the underlying theory of the diffusion 
014 
processes was given by Crank". 
1. C. 2). Definitions and Basic Eguations. 
The permeation of gas through a plastic membrane is usually 
0 
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considered to involve three independent physical phenomena: 
1) solution or sorption of the can or vapour at one 
surface of the membrane, 
2). diffusion of the dissolved gas throu, -, h the membrane 
re-evaporation or desorption of the ýas from the 
opposite surface. 
Since the flow process is generally slow, this permits the 
use of an equilibrium relationship between the concentrations of 
absorbed gas at the interfaces and the respective partial pressurOS940 
A Henry's lavr type relationship can be expected to apply: 
SP (1.1) 
where C is the concentration of the solute, p is the external pressure 
and S is the solubility coefficient for the gas in the polymer (the 
volume of gas at S. T. P. dissolved in unit volume of polymer at unit 
pressure). polymer films in general can be regarded as interspersed 
91 
crystalline and amorphous regions The gas molecules are normally 
assumed to be soluble only in the amorphous regions. They pass 
through the membrane by an activated diffusion process. pick95 first 
employed the analogy between heat transfer by conduction and the 
transfer of matter by diffusion, both due to random molecular motion, 
to state the first law of diffusion: 
- 
J= 
-D dC 
dX 
where T is the diffusion flux and -ýC is the concentration gradient dX 
perpendicular to the surface. The diffusion constant (D) is independent 
of concentration and has the dimensions (length 2 /time). Integrating 
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equation (1.2) under the boundary conditions 
93 
:- 
C0 
gives: 
- 
(c 
0- Cl) 
where 1 is the film thickness. From equations (1.1) and (1-3): - 
j (S IP1 ý S2P2) 
if both surfaces are at the same temperature then 
s1=S2=s 
and 
J= DS (PI ý P2) 
1 
The permeability constant (P) is defined as the volume of gas at 
S, T, P* passing in unit time through a unit volume cube under unit 
pressure difference. 
P= DS JI 
(pl 
- 
P2) 
The fundamental postulation by GrahaM94 that Henry's law 
applies to the sorption and desorption and that Pick's law applies to 
the diffusion process has been well established96 and is generally 
used as the basis for studying permeation processes, 
The above analysis holds only for systems for which the diffusion 
constant (D) is independent of the sorbed concentration. Permanent 
gases interact very little with organic solids, the amount sorbed 
is sufficiently small that the solid structure does not undergo any 
appreciable strain or sw6lling. Consequontly D is concentration 
- 
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independent. However with more condensable vapours, for which tho 
penetrant-polymer interaction is appreciable, the polymer structuro 
tends to swell and plasticise. Such structural chaneos are evidencod 
by a concentration dependent diffusion coefficient 
91 
a 
l. C. 3). 
_Tbe 
offQct of tem-Deratura. 
Over small temperature ranges, the temperature depcnden6ioa of 
P, D ahd S obey an Arrhenius type law 
I: 
- 
P=P expe (-E AIT) 0p 
D=D0 exp* (-ED/RT) 
S=S0 exp. (- hlý/RT) 
EP and ED are the apparent activation energies for the permeation 
and diffusion processes; and AHS is the corresponding hoat of solution, 
From equation (1.6) it follows that: - 
EpED+ hlý 
and P0 DO-90 
(1110) 
(1111) 
Several investif; atbrs 
91,97 have reported discontinuities in the 
Arrhenius plots for the coefficients Pv D and S. It has been shown 
that the temperatures at which these discontinuities occur are very 
close to the glass transition temperatures (TC) of the polymers, 
The values of E D9 Ep and 
All, are significantly changed as the temperature 
is increased through Tge This is a direct consequence of the drastic 
change in the freedom of the polymer chains. Accordingly, to obtain 
meaningful data, it is important to work at temperatures sufficiently 
removed from Tg that the effects of the molecular rearrangements are 
negligible. 
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The nature of the transport process. 
The transfer of gas molecules in an amorphous polymor has boon 
qualitatively interpreted in terms of the movement of penetrant moleculas 
throuah a tangled mass of polymer chains and holesgi. Sogmontal 
motions of the polymer chains, arising from thermal fluctuations, 
result in the holes being constantly destroyed and reformed. Diffusion 
takes place by the movement of a gas molecule from hole to hole under 
the influence of a concentration gradientp in conjunction with a 
cooperative action of the surrounding: structure. The activation 
energy for diffusion (Eý) is comprised of the energy required for hole 
formation against the cohesive forces of the medium, and the onerey 
required for the penetrant molecule to move from hole to hole. 
The transport properties of a polymer are strongly dependent 
upon the thermal history 
92,98 
of the specimen and also on the presence 
91,92 
of extraneous substances in the polymer Cold-drawing of the 
polymer material reduced the value of the diffusion coefficient (D) 
by several orders of magnitude. remained unaffectedg, Indicating 
that cold-working did not affect the mechanism of propagation. 
A=ealing of the cold-dra= sample restored the value of D to its 
unworked value* 
lJost commercial polymers contain additions to improve or modify 
the phytico-chemical properties of the material. Such additions lead 
to disruption of the polymer structures, affecting the values of both 
D and-ED , 'when the penetrant is present in hiCh concentration, it 
causes swelling of the polymer. This Oplasticisinct effect is evidenced 
by the dependence of D and ED upon the sorbed concentration of penetrant* 
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Determination of P. D and S by mc=oation studigo, 
The fundamentals of pezmeation measurements were dovoloped by 
Barrer 90 
. 
In a typical permeation experiment, a given polymer film 
is-inserted between two chambers which are then dogassod. The 
required pressure of penetrant gas is introduced into one of the 
chambers. The penetrant dissolves in one surface of the film, 
diffus6s through the film and evaporates from the other surface at 
the low pressure side* The amount of penetrant which permeates 
through unit area (Q(t)) of film is measured as a function of time. 
when a penetrant diffuses through a membrane in which it is soluble, 
there is an interval from the time the penetrant first enters the 
membrane until the steady state of flow is established. ' The porm- 
eability constant (P) may be calculated from this steady flow rate. 
Typical c. 'g. s. units are cubic centimetres of gas at S, T. P. passing 
per second through a1 cm 
2. 
area of a polymer membrane I cm. thick 
under a pressure differential of 1 cm. 11f;. Such values are readily 
converted into the S. I. Units: - cubic metres of gas(S. T*P,, )passing per 
2 
second through aIm. area of a polymer membrane Im thick under a 
pressure difference of 1 kN. m72., The intercept on the time axis of 
the extrapolated linear, steady-state portion of the (Q(t))/t curve is 
called the time lag (19) (Figure 1.8). 
Barrer 2 has shovm that 0 is directly related to the diffusion 
coefficient (D)* In the case where D is independent of penetrant 
concentration, the relationship in: - 
12 
6D 
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where the dimensions of D are length 
2 /time, Thus P and D may be 
calci; GLated from the same experiment, and hence the oolubility coofficiont 
(S) can be evaluated using equation (1.6). 
Q(t) 
Fig, (1.8), Typical Q(t)/t plot for permeation of gaseous 
penetrant through a polymer membrane. 
I. C, 6) DIffusion studies involvding t)olvethvlene and -nolvDro-nylene. 
The use of polyethylene and polypropylene for commercial 
packaging films has resulted in extensive investigation into their 
permeation properties, The diffusion behaviour of permanent cases 
(0 2' H 29 112' C02' CH 4 )t vapours (H 20' CH 3C1 ) and liquids (C6116' CCY 
have been reportecl890 The use of polyethylene and polypropylene 
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membranes for separating gas mixtures by differential pormoation. 1= 
been discussed in detail 
99,100 
0 It has boon emphasisod that the 
gasos:. diasolve and diffuse only in the amorphous polymer regional0l, 
Studies of the transfer of ethylene gas through polyethylene 
have been madee Li and Henley 
102 
, 
working at pressures botwoon 
Ix 10 2, and 8x 10 
2 kNmr2 
. 
reported that the permeability constant 
(p) was pressuredependent. Russian103 workers investigated diffusion 
in the pressure region 2x 10 
3, 
to 2x 10 4' IdT. z: *2 
. 
and found that the 
diffusion coefficient (D) wan pressure independent in this range. 
Prom their data it is po3sible to calculate a value for E of around D 
30 ki/mole over the temperature rango 298K to 333K* Loitao'04 otudiod 
the permeation and solubility of propylene in polyethylone films as f=ctions 
ure of the penetrant PI be on 253 and 
, 
-he relative vapour press two of ýt K Po 
298K. Ho showed that at low values of P1 
, 
Dp So P,, EDv EP and T-o 
A% were independent of the penetrant pro. -. sure*, At higher values 
of PI 
19 
Eý9, EP and A 1ý fell. Alý ms negative for all values of 
P, 
T _0 
and as PI approached unity, E2 became negative and ED T; _0 Y, _0 
approached zero. At small values of LI equation (1.10) was obeyed4, ' PO 
ED+ Alý (1110) 
2 
There are no reports in the literature of low pressure studies (<I x 10 
, -2 kN, m ) where the plasticising effect of the penetrant ethylene is 
negligible. 
Peterlin 
98 has studied the effects of cold-workine and annealing 
processes on the transport properties of totrachloro-othylene in 
polyethylene* ' Cold-drawing of the polymer drastically reduced the 
value of D# but subsequent annealine at temperatures above 373K almost 
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restored it to its undravm value. His rosults aro in agroomont 
with those of other workers 
105006 
who were able to correlate the 
change in D on dravrLng and annealing with the change in the amorphous 
content of the polymer. The activation energies for gas diffusion in 
polyethylene and polypropylene were independent of the crystallinity 
and thermal history of the polymer. 
PART D The Pres2nt Work* 
During the plastics industry"s search for increasingly efficient 
polymerisation catalysts, the recent patent literature has shown =ch 
interest in the use of supported Ziegler catalysts 
- 
particularly those 
having a magnesium compound as support34 0 The present work was 
carried out in view of the need for a physico-chemical study of such 
a system* Magnellia-was chosen as the support material, partly because 
its surface characteristics had been extensively researched and also 
because it had been claimed to form an active supported catalyst34. 
Four basic investigations were undertaken: 
a) The catalyst activation procedure was studied using micro- 
gravimetric, infrared spectroscopic and analytical techniques. 
b) The polymerisation of ethylene and propyleno on the catalyst 
surface was followed by the same techniques. - The azialysis of these 
results permitted the investigation of the kinetics Of POlYmerisation. 
c) The analysis of the kinetic experiments indicated the 
possibility of the diffusion control of the polymerisation rate. 
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In the absence of suitable data in the literature, the mass transfer 
properties of ethylene and propyleno in their respective polymers 
were studied. 
d) An initial infrared spectroscopic survoy of the suitability 
of rutile (TiO 2) for use as a Zieelor catalyst support was made. 
The basic'aims of the work were to examine the types of surface 
species present at various stages of the activation and polymorisation 
reactions and to elucidate the role of those species in the overall 
reaction mechanism. * 
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CHAPTER 2. EXPERIIIENTAL. 
PART A. 
- 
kmaratua. 
2. A. 1) 
_rgj3t--r. -A clangription. 
A high-vacuum system constructed in Pyrox glans was used. 
The apparatus was evacuated via an electrically heated mercury diffusion 
pump backed by'a Speedivac oilrotary pump. Dynamic vacua of 
2x Cr6 kN., ý-2 were consistently obtainedo and measured by moans 
of a Penning gauge. A schematic diagram of the system is shown in 
ý. v 
figure (2,1). Mercury vapour was excluded from the system by the 
use of liquid nitrogen traps TI and T2* The apparatus was maintained 
free of grease by using grease-free valves (Youngs', Acton. ) in place 
of the conventional greased taps. - This precaution was necessary to 
prevent reaction of the catalyst components (TiC1 and Al(C HII 42 5T 
with the stopcock Crease and also to prevent contamination of oxide 
107 
samples, arising from grease vapour 
Gas phase pressures were measured using a mercury manometer and 
a glass spiral gauge. The spiral gauge proved cumbersome in use and 
was later replaced by a transducer Cauge calibrated between 0.2 and 
60.0 Idl. m; -2. A bulb of known volume was used for volume calibration 
of the system* 
2. A. 2) Stu-dies usiWr infrared sDectrOQcO'D'v- 
i) The infrarea prectrosco-Dy cell. The cell was of Pyrox 
%. %l/ T, OK% x- A -x P n-M --N ump C2H4 
inlet. 
Hg 
distillation 
manometer. traps. 
TIC14 
Al R3 0--X-- 
volume (D-x- x I. R. cell. 
bulb. 
x 
-0 
pressure gauges, 
diffusion cell. X 
pump 
Balance 
pvi, r, -ure 2.1 Schematic ropresonte., tion of the vacuun zystem. 
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construction with fluorite (5 cm. diameter) windows. The windows 
were cemented to ground class flangos using Lý-V No. 38 brick-rod 
enamel (A. E. I. Ltd. ). The adhesive was allowed to dry overnight 
at room temperature and then cured for, twenty-four hours at 383 IC. 
The oxide disc sample was supported in a pyrox holder and secured 
with a stainless steel cover slip, Pyrox rails, running the length 
of the co",, enabled the sample holder to be moved along the coll 
by means of an external magnet, In this fashion'the sample could 
be moved from the heating region to the recording position between 
the fluorite windows. Heating was by moans of an external electric 
furnace, the temperature being controlled at temperatures up to, 
723 (42) K by an ETHER IDIGII controller and measured using a 
chromol-alumel thermocouple. The cell could be isolated from the 
frame by means of two grease free taps, in series to ensure a cood 
seal, To record a spectrum, the cell was isolated by moans of these 
taps and then cut off the frame and removed to the spectrometer. 
After each spectrum had been recorded, the cell was Classblown back 
onto the vacuum system. 
ii) The infrareA ýreýtrometer. Two instruments, a Perkin-Elmer 
521 and a Perkin-Elmer 457, were us04 subject to suitability, to 
record the infrared spectra. Both instruments were double boam, 
grating spectrometers and comparable results were obtained from both 
instruments although the resolution of the PE 521 was slightly higher 
than that of the PE 457. The higher source intensity of the PE 457 
was useful in recording the spectra of samples having low transmittance. 
- 
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The oxide discs were responsible for a high level of radiation ocattorine 
and attenuation of the spectrometer reference beam with an adjustable 
comb attenuator was necessary. To ensure that sufficient energy was 
received by the detector, wide slits had to be employed throurýhout 
the frequency range. The Gain and balance control settings of the 
instrument were frequently chocked and adjusted when necessary in 
order to ensure that spectra were recorded under optimum conditions. 
Scanning speeds employed were never greater than 100 cm7*1/min. and 
usually much slower in the region of the peak to be investigated. 
Facilities were available for flushing the sample-woll of the 
spectrometer with dry nitrogen when spectra were being recorded. 
This technique did not lead to any marked improvement in the spectra 
and was not extensively used. 
2*A. 3) The Diffusion Cell. 
The cell, shown in figure (2.2), was constructed of mild steel* 
The two hollow chambers were clamped together using six brass nuts 
and bolts, The polymer membrane was held between the chambers, supported 
on the low pressure side by a poroust stainless stool disc. Gas 
leaks around the edge of the membrane were eliminated by use of a 
polyethylene Casket on each side of the film,, After assembly, the 
exterior of the cell was coated with a vinyl spray (Seal-Coto, 
Jencons Ltd*)* This eliminated rusting of the mild steel when 
immersed in a water thermostat, and reduced the possibility of an 
atmospheric leak into the system, Glass-metalsoals were brazed 
1). End-view. 
2). X- Section. 
01 -11% I securing bolts, 
s-metal seals. 
polymer f ilm. 
porous support., 
2.2. Vie diffusion coll, 
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directly onto the mild steel and tho coll, was glass blown onto the 
vacuum systemo The low pressure aide of tho coll (including a McoLeod 
gauge to measure the pressure) was volume calibrated by gas expansion 
from the known volume of the Mc. Lood gauge (volume = 6b. 7 cc.; 
diameter =3 mm. ). The mean of three separate determinations eavo 
153 cco for the volume of the low pressure aide. 
2. A. 4) The VacjLtu Ilicrobalance,. 
i) Structural consideratigns. A beam balance has a high 
sensitivity if a small weight change on one of tho weight pans causes 
a large deflection of the beam. To investiCato the factors which 
affect the sensitivity of a balance, suppose a weight (W 1) in placed 
a 
Figure 2.3. Schematic diagram of the beam balance. 
on the left scale pan and a slightly smaller weiCht (Iff2) is placed 
on the right scale pan (figure 2-3). The boam AOB, pivoted about o. 
" 
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will then be inclined at anel-E) to the horizontal. Tho woirht of 
the beam (W) acts at G, a distance h below 
If AO = OB = av then taking moments about 0: 
- 
a Cos E) = VI h Sin 0+ VT2 a Cos 8 
tan E) 
= 
(7, 
- 
17 2 
)a 
17h 
Thus for a given weight difference between the scale pans (U I-W 2)9 
E) is directly dependent on at and varies inversely with 17 and h, In 
theory thenp a sensitive beam balance must be liChto have Iong arms and 
its centre of gravity must be very close to the fulcrum, In practice 
a compromise must be made between beam lightness and rigidity, and also 
between beam length and the associated period of oscillation. 
If the suspension points of the scale pans and the pivot of the 
beam are in the same planep then the balance sensitivity does not vary 
-with load. However, if the scale pan pivots lie above or below the 
beam pivots, then sensitivity becomes load dependent. A full 
108 109 discussion of these pivots has been presented by Rhodin and Culbransen 
ii) Construction* The balance, of thd beam type, was constructed 
in the Glass Workshop of Nottingham University Chemistry Dopartment 
(figure 2.4)o A similar instrument has been described in the literature 110 
As far as practicablet the balance was constructed in Pyrex to minimise 
the corrosive action of the vapours used in the course of this project. 
The beamp 26 cm. in length, was made from Pyrex tubing (o. d. 5 mm). 
Agate knife edges were attached at the centre and at each end of the beam 
using Araldite cement. The beam was shaped so that all three knife edges 
mirror light boom 
to B 55 
f 
Ft 
-1 
A B 34ý2 B 34% knife edges 
magnet 
-, 
tore pan 
solenoid 
'--sample pan 
RiCire The vacuum microbalance. 
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lay in one planep ensuring that the balance sensitivity was load 
independent. The sample pan (Pyrex, 2 cm. diameter) was suspended 
by means of a Pyrox fibre, 70 cm. long. A glass encasod pormanont 
magnet suspended in a solenoid field by a Pyrox fibre (10 cm. long. ) 
provided the balancing force. To eliminate hysteresis effectop the 
magnet was made from Alnicov having a square hysteresis loop. A 
glass bucket was suspended beneath the magnet, providing a means for 
taring the balance using Pyrex beads. The solenoid, 9 cm. in longth 
and 4.5 cm. 'in diameter, consisted of approximately 2500 turns of 
30 S. W. G. copper wire, having a resistance of 90 ohms. The olectrical 
circuit used in the balancing operation is shown in figure (2.5). 
power was supplied by an eighteen volt stabilised D. C, supply unit 
and the current could'be continuously varied up to a maximum of 
200 ma. by means of the variable resistance (Rv)* The current 
Solenoid. 
Rs 
Figure 2.5. The balancing circuit. 
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flowing was indicated on a milliameter and accurately moasurod via 
the potential drop across a standard resistance (R 
aa 
15 ohm., temp. 
coeff. = 0.01% per degree). A calibration was made of sample weif, -ht 
against the current required to balance the beam. Imbalance was 
detected by an optical method. A light beamt onterinC and leaving 
the balance case through optically flat windows, was reflected from 
a small circular mirror attached by Araldito cement to the contro 
of the balance beam. The reflected light was directed onto a pair 
of matched ph9to-electric cells (Evans Electroselonium, Ltd. ) connected 
in opposition. In, the balanced position, zero deflection of a 
galvanometer connected directly to the photo-olectric cells was observed. 
A slight displacement of the balance beam gave rise to a deflection 
of the galvanometer light. The imbalance could then be corrected 
by adjustment of the solenoid current to restore the Calvanometor 
light to the null. position. The sensitivity of such a detection 
system depends directly upon the length of the optical lever and the 
intensity of the light falling on the photo-electric cells. After 
much experimentation a compromise between these two parameters was 
adopted, the optical lover having-a length of 110 cm. folded between 
two plane mirrors. Picein wax, chemically inert and possessing a 
very low vapour pressure was used to seal the balance 'Quick-fit' 
joints (one B55 and two B34 joints). The balance was enclosed in a 
wooden box lined with Jabolite. ýhis protected-the photo-electric 
cells from the effects of daylight and also restricted temperature 
change in the balance case to an acceptably low value. The sample 
hangdown tube projected through a hole in the base of the boxt allowing 
- 
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the use of an bxternal furnace for deCassinC oxide samples. 
Purnace temperature was controlled by an Ether 'Digit controller 
and measured by means of a chromel-alumel thormocouplo insertod 
into a glass pocket in the hangdown tube. Interference with the 
balance from external vibrations was reduced by mounting the micro- 
balance assembly on a rigid metal frame and standinp it on a shoot of 
slate (4 cm. thick). I 
iii) Calibration and aenuitivity. The balance was calibrated 
using standard weights (Cahn calibration weights; 1-200 mg. range). 
The linear relationship between weight (M) and balancing current (I) 
is illustrated in figure(2.6). To check the reproducibility, three 
initial calibrations were carried outp the balance being dismantled 
and reassembled in between each one. The slope of those plots varied 
by less than 0.5111o. No hysteresis was observed as weights wore removed 
from the balance. This calibration was checked periodically during 
the course of this project and no significant drift in the value of 
the gradient was observed. Pigure (2.6) indicates that 2,98 mg. of 
excess-wbight require 1.0 ma. to restore balance. All calibrations 
were carried out in air, The effect of buoyancy on the balance 
reading was investigated by measuring the current required to balance 
a given excess-weight at different pressures of dry nitrogen gase' 
At a nitrogen pressure of 9.3 x 10 
1 kN. u: -2 the buoyancy correction 
was 1x 10 -4 gm. At pressures below 2,0 x 10 
1 
M. M -2 it was found 
that no correction was necessary. All the experiments to be described 
were carried out in the region where buoYancy corrections were not 
required. 
, 
60 
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-Lire 2, Calibration curve for the vacuum microbalance. 
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The practical range of the balance covered a voight chaneo of 
400 M, 9- with a maximum sample weight of I gm. (tared usinC Pyrox boado). 
The sensitivity of the instrument was estimated by determining the 
smallest detectable siGnal from the photo-electric detector circuit. 
This corresponded to a1 cm. deflection an the mlvanometer, which 
when zeroed, was equivalent to a change of approximately 7x 10-3 ma. 
in the solenoid current. UsinE; the calibration factor of 2.98 mg. /ma., 
the smallest weight change measurable with the balance wan 2x 16-5 us 
The stability of the balance zero was chocked by zeroing the instr=ent 
and checking for drift of this reading with time. The maximum drift 
in any one 24 hour period was found to be equivalent to a weight change 
of 8x 10-5 g. This was not considered to be Significant when 
compared with the weight changes involved in the reactions investigated 
durine the course of this project. 
PART B. Materials. 
2. B. 1) Sup]2ort materials. 
i) ITapmesium oxide. The preparation of high surface area active 
magnesiv, by thermal decomposition of the carbonate or hydroxide has 
75 been reported Four samples of magnesium oxide were considered: 
a) Pollowing the method of Anderson 76 9 magnesium hydroxide was 
prepared by hydrolysis of magnesium methylate. After vacuum calcination 
of the hydj? oxide at 673 K, an Off-white sample of magnesium oxide was 
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obtained. The slight brown discolouration was attributed to a 
decomposition product of an oreanic contaminant, possibly residual 
magnesium methylate. 13. &T, measurements, using nitrogon Cas at 
77K (area/Mol 
= 
16.2 12) gave the surface area as 250 m2 Ig. 
b) Thermal decomposition of reacent crade basic magnesium 
carbonate (MgCO Mg(OII) 3' 2' 31r 2 0) in vacuo at b73 K yielded white 
magnesium oxide. Infrared spectroscopy revealed the presence of 
absorption bands (1200-1700 cm7l) characteristic of residual carbonate 
species. The surface area of this material was found to be 310 m2 /Irle 
c) A high purity sample of magmesium oxide (Johnson Matthey Ltd., 
grade 2v batch B2296) revealed very weak absorptions in the carbonate 
region of its infrared spectrum. After evacuation at 673 K for 
twelve hours the surface area of this 3amPle'Was 50 m2 /Ce 
d) Precipitation of magnesium hydroxide from an aqueous solution 
of magnesium nitrate by a=onium hydroxides, followed by tharmal. 
activation of the precipitate at 673 K in vacuo, yielded a white 
solid with very weak carbonate infrared bands and a surface area of 
almost 180 3n 
2 /9. 
Each of these four samples foxmed the basisfbr an active 
supported polymerisation catalysts, although the polymerisation 
conditions did not allow for a quantitative comparison of the catalyst 
activities. However, sample (d), in view of its low surface contam- 
ination combined with a high surface area, was chosen as the most 
suitable support material. Accordingly, a master batch of magnesium 
hydroxide wasprepared following the method outlined by Malinowski 
stringent precautions were taken to exclude contaminants. All the 
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water used in the preparation was doubly-deionisod and triply distillod 
from alkaline potassium permaneanate. Glassware wan cleaned with 
a 1% HP solution and thoroughly rinsed with clean water* Ammonia 
gas was distilled over metallic sodium and passed into an aqueous solution 
of magnesium nitrate (Mg(NO 3)2 . 611 2 0; A. R. grade). The resultirC-fino,, 
white precipitate of magnesium hydroxide was separated by contrifuration, 
and thoroughly washed with cold water. After drying in an oven at 
393 K the material was ground using an agate mortar and pestle. The 
surface area was determined by the conventional B. E. T. method (77 K, 
N2 gas, area/molecule = 16.2 
Rý ) to be 176 (; t7) m2 /f;. Since the 
basic magnesium surface reacts chemicallywith atmospheric carbon 
dioxidev the support material was kept in a screw--top Jar and unnecessary 
contact with the atmosphere was avoided. This carrier material is 
subsequently referred to as tGarrier El. 
ii. ) Rutile. L sample of titanium dioxide (rutile) was kindly 
supplied by Dr. C. H- Rochestert Nottingham University Chemistry 
Department. This material (sample no. CL/D428) had been subjected 
to four cycles of alternate. sohxlet extraction with boilinig water and 
heatinigAn air at 673 X to lower the chloride fraction. The surface 
area was 24 m2&: 
2. B. 2) Chemical reapýents. 
i) 
- 
obtained from B. D*H. Ltd., in 100 g 
sealed iglass ampoules (98.5%). The liGht brown liquid was distilled 
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under vacuo in dry rlass apparatus. The first and last thirds of 
the distillate were rejected and the middle-fraction colloctod as a 
clear liquid. '(B. pt. 409K at 10 2 k1I. m-2 ). The purified material 
was stored in an inverted pear-shapod flask, sealed by a teflon valve 
and protected from any adverse effects Of daylicht by a coating of 
black paint on the exterior of the flask. 
ii) Aluminium tri-ethyl- This materialt colourloss when pure, 
was supplied in a steal container by Koch-Light Ltd., (90-950%). 
It is a very hazardous chemical. to work with, iGniting spontaneously 
when exposed to oxygen in the'atmosphere and exploding when mixed 
with water. The following safety precautions were found to be effective 
in handling aluminium tri-ethyl: 
a) The compound was maintained under an inert atmosphere (11 2 or 
He gas) and all apparatus used for containing or processing vras 
scrupulously dried and flushed with dry nitrogen gas. 
b) Protective clothing(laboratory coat, 909910st face-3hield 
and rubber gloves) was worn whenever the material was handled. 
c) A dry powder fire extinguisher (Pyrene) was always available, 
d) All apparatus which had been used for Al(C 2H5)3 was rinsed 
with a 50: 50 (V: V) mixture of concentrated hydrochloric acid and 
methanol to destroy residual traces of the compound. 
e) All purification operations were carried out in a fume 
cupboard, the floor of which was lined with a commercial fire powder 
(a-mixture of vermiculite and TTa 2 CO 3 ). 
An initial attempt to transfer some of the Al(C 21 Y3 from its 
steel container to a distillation apparatus using a positive nitrogen 
- 
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pressure to force out the liquid was unsuccessful due to loakago 
around the container head. Subsequent transfers, woro made by use 
of a glass syringo with a 15 cm. stainless steel noodlo. It was 
not convenient to handle samples greater than 15 ml. volumo. The 
liquid was distilled in glass apparatus under a reduced pressure of 
nitrogen. Pure material was collected as a colourless liquid 
-2 112 (B. pt. 341K atO'. 40 kN. m 
. 
in an inverted pear-3hapad Class flask 
and sealed by a teflon valve. After joining to tho main vacuum 
system, the liquid was carefully degassed by means of four-frooze-thaw 
cycles using liquid nitrogen as coolant. The containing flask was 
covered with a protecting layer of P. V. C. tape. 
iii) Deuterium Oxide D 20 (Koch-Light Ltd.; 99.7'ifo)t after 
degassing was used as supplied. 
iv) Hydrogen chloride. Dry HM Gas was prepared by the action 
of concentrated sulphuric acid on sodium chloride (A. R. Grade). 
V) Silicon tetrachloride* Supplied in a sealed class ampoule 
(B. D. H. Ltd. 9%) and used without further purification. 
2. B. 3) olefin monomers. 
1) Ethylene. Supplied in a lecture cylinder by B. D. H. Ltd., 
(99. Er/fo). The cylinder was connected to the Vacuum system using nylon 
tubing. Immediately before use, ethylene gas was purified by freezing 
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at 77K and pumping for thirty minutes, followed by two trap to trap 
distillations from an n-pentane slush bath (142K). The middle third 
was collected in each distillation. Mass spectrometric analysis of 
the purified monomer did not detect oxyCon or wator impuritios. 
ii) Propylene. Supplied by B. D. H. Ltd. t (99,, T,,; ), Purification 
details were as for ethylene except that the slush bath for distillation 
was methanol (175K). 
Diff-u-pion Studieg. 
i) Marlex-polyethylene. This material, produced using a 
chromium oxide catalyst, was kindly supplied by Dr. Cundallp Nottingham 
University Chemistry Department, (density = 0.954). 
ii) Anti-oxidant free polyethylene. Manufactured by a conventional 
Ziegler process, this sample was supplied by Dr. A. N. Roper, Shell 
Carrington, Manchester. It was specially prepared without added anti- 
oxidants. (density = 0.918 g/cc. ). 
iii) polýMropylene. A sample of isotactic polypropyloner made 
by the Ziegler process (I-C-Iop Welwyn, Ltd. ) vMs kindly supplied by 
Mr. D. Reynolds, Nottirrjb= University Chemistry Department, The high 
purity of this material was indicated by an exceptionally low 
phosphorescence spectrum. 
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PART C E"erimental-Technique. 
2. C. 1) tudiqs on the mior s obaloce. 
Pge-naration of the marnesliun oxide s"Prort, Each samPlo of 
magnesium bxide-wds prepared in situ by calcination of magnosium 
hydroxide. Sufficient hydroxide (about 73 me. ) was used to %ivo an 
oxide sample of 50 mg. The sample was loaded onto the microbalanco 
and the balance case sealed using Picein wax. After recordingthe 
zero, the balance case was carefully evacuated and the sample pumped 
to constant weight. 
, 
Using an external furnace, the magnesium 
hydroxide was heated to 548K. Decomposition to the oxide occurredat 
this temperature (reaction 2.1) accompanied by a structure chance 
from the hexagonal hydroxide lattice to the cubic structure of 
magnesium oxide. 
548K 
Mg (OH) 2 IIgO +H20 (2.1) 
Too fast a heating rate in the region of 548K led to spluttering of 
the sample powder, caused by the explosive expulsion of water vapour. 
When decomposition was complete, the temperature wan raised to 673K 
and the mamesium oxide degassed for between 14 and 18 h. The sample 
was cooled to 308K and the weight loss associated with the calcination 
was recorded. 
ii) Reaction of TiCl 4 with the support surface. A small amount 
of freshly distilled TiCl 4 Was thermostatted (308K) and'its vapour 
allowed to react with the magnesium oxide surface for three minutes. 
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Dccess reactan: t' was ren, oved by pumpinig, and the S=Plo wan ovacuatod 
to constant weight. Initially it was not found possible to roproduco 
the weight chanee associated with this reaction. TiOl 4 roactod with 
the surface hydroxyla of the oxide and the irroproducibility wan 
attributed to variations in the surface hydroxyl concentration. This 
concentration was most likely a function of the vacuum achieved in the 
immediate vicinity of the oxide surface during calcination. Accordintly 
the pumping system was redesigned to place a diffusion pump closer to 
the microbalance and to reduce the number of obstructions (bonds, tapa 
etc. ) in the pumping line. Subsequently it was found ponsible to 
reproduce the weight gain to within 51/lo when the oxide was reacted with 
Tici 40 An analytical technique to determine the amount of Ti on the 
oxide surface was developed (section 2. C. 3). 
iii) Reaction with Al(C2 H5)3. The titanium modified surface 
of the oxide was allowed to react with Al(C 2H5)3 vapour at 308K. The 
vapour pressure of Al(C 2H 5)3 at this temperature is of the order of 
1.3 x Ci-3 Id,, m72 
. 
To facilitate evaporation of the dimeric metal 
alkyl species from the liquid surface, a magnetic stirring device was 
employed to agitate the organometal. An exposure time of 30 minutes 
followed by evacuation for 15 minutes was adopted as standard procedure. 
iv) Gas-phase polymerisation of CH and C3H6.. Preahly dis- 2'-'-4 
- 
tilled olefin monomer was admitted to the balance and the increase in 
weight due to polymerisation on the supported catalyst surface was 
followed as a function of time. The change in monomer pre. -)sure during 
the course of the polymerisation was recorded via the pressure transducer 
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gauge, During the initial runs the overall fall in proonuro vras of 
the order of 10-15%. In later runs tho incorporation of a largo 'dead' 
volume (7 litro) in the polymerisation system reducod thin prosauro 
decrease to an acceptable level ( 4ý: ). 
Throughout these early runs the polymerisation rato was found 
to be completely irreproduciblo. After each run, the sample pan 
and the glass surround were heated in air to 823K to burn-off tho thin 
layer of polymer formed on the glass under polymorisation conditions. 
This obviated the deposition of carbonaceous decomposition products on 
the magnesium oxide surface during the calcination procedure of tho next 
polymerisation experiment. over the course of ton identical polymorisation 
experiments the catalyst activity gradually diminished and finally 
vanished, even though the catalyst activation stops were apparently 
unaffected. An exhaustiVe investigation vras made of this phenomenon. 
The entire vacuum systemwas systematically tested for atmospheric 
leaks using the Penning gauge and a high tension tesla coil as indicators. 
The number of &, easefroes, teflon valves was reduced as far as possible 
and all of the residual taps were renewed. The Picein wax joints of 
the microbalance case, showing signs of deterioration after repoated 
exposure to the catalyst componentav were remade. Such precautions 
did not result in the restoration of catalyst activity, , 
The monomer was purified by four trap to trap distillations 
before exposure to( the catalyst surface. Mass spectrometry again 
failed to reveal the presence of any impurities in the purified gas. 
The stock samples of TiCl 4 and Al(C 2H5)3 were replaced by freshly 
distilled materials- Variation of the exposure times of both catalyst 
components to the support surface failed to restore the catalyst activity, 
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Daring the course of catalyst activation, the component vapours 
also reacted with the surface of the Pyrox apparatus. Subsoquont 
exposure to olefin monomer resulted in the formation of a thin film 
of polymer over the apparatus. After a number of polymorisation 
experiments the collectiva effect of this sido-reaction was the 
formation of a substantial layer of extraneous material covorinL, the 
glass surfaces of the reaction system. This material was clearly 
visible to the naked eye. It was removed by dismantling the balanco 
assembly and 'scouring' the affected surfaces with a mildly abrasive 
paste (NaHCO 3 /H 2 0). Subsequent annealing (823K) in airt followed 
by a soaking in hot chromic acid (excepting the balance beam whicho 
having Araldite jointsp was vulnerable to heat and strong acid)p 
revealed a 'clean' glass surface. on reassembling the apparatun 
it was found that catalyst activity had been restored. 
The inhibiting influence of this polymer film was attributed to 
the sorption of catalyst poisons (oxygen, moisture) while, the balance 
was open to the atmosphere between experiments. Gradual release of 
such poisons throughout the activation procedure would lead to a 
reduction in the ultimate polymerisation activity of the catalyst. 
This inherent irreproducibility of the Polymerisation rate necessitated 
the use of split-temperature and split-pressure techniques for kinetic 
investigations. About ten such runs were possible before the catalyst 
activity fell to an unacceptably low level. Then the balance assembly 
was again treated in the manner described above, 
In studying the temperature and pressure dependencies of the 
polymerisation rate, the points were taken in random order to averago 
out the effects of systematic errors. The effect of hydrogeng oxygen 
and deuterium oxide on the ethylene polymerisation rate was invostiCatod. 
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in an established polymerisation, the monomer was withdrawn into a cold 
trap (77K) and allowed to mix with gaseous hydrogon to form a 51,, ", v/v 
mixture. This mixture was then readmitted to the active catalyst. 
Treatment with 02 and D20 involved withdrawing the monomor and troatinC 
the active catalyst with the additive for 3 Minutes. Excess additivo 
was removed by pumping before the monomer was restored to the system. 
2. C. 2) Infrared studies. 
i) Yagnesium oxide. The powder (-OVIOO Mg. ) was comprossed, at 
(3-8 x 10 
5 U. m72 )in an evacuated (0-40kN. m72) stainless stool the to 
form a self-supporting disc (diameter 2.54 cm. ). Two such disco, clamped 
into the sample holder (section 2. A, 2) were sealed inside the infrared 
spectroscopy call. The call was evacuated and the discs heated to 
673K using an external furnace,, After degassing (14-18 h. ) at this 
temperature, the cell was cooled and an infrared spectrum of the oxide 
surface was recorded (at the temperature of the infrared boam, /v 320K). 
The oxide was not transparent to infrared radiation below 1000 cnrl. 
Interpretation of spectra in the region 1200-1600 cm7_1 was complicated 
by the presence of a small surface concentration of a carbonate species 
so 
. 
Following the procedure outlined in section (2. C. 1), the magnesium oxide 
disc was allowed to react with TiCl 4 andAl(C 2H 5)3 vapouro, After each 
activation stop an infrared spectrum was recorded. Ethylene and propylene 
polymerisation on the activated catalyst surface was followed spectro- 
scopically. To assist with the characterisation of the surface 
reactions of MgO, the behaviour of SiCl 4' HC1 and D20 vapours at the 
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oxide surface was Studied. Complete oxchango of tho surfaco hydroxyl 
groups of magnesia was achieved by hoatine the dioca with D20 vapour 
at 523K and evacuating at 6731C, A reversed activation procadurop in 
which Al(C 2H5)3 was dosed onto the oxide surface before the TiCl 4' was 
also carried out. 
ii) P. Utile. S=ple discs (2.54 cm. diameter; 150 mc. ) woro 
pressed at 1.3 x 105 kN. m72 
. 
Tissue paper circles wore used to 
prevent the oxide powder adherine to the stainless stool die. On 
heating (673K) the discs turned greyish in colour, characteristic of 
a reduced ratile surface, An oxygen-wash treatment ( It3 kN, m-2; 
30 mins; 673K) removed this discolouration. The dehydrated discs were 
then rehydrated with water vapour (29SX; 20 Mina. ) and evacuated for 
15 h. at 493K. Infrared spectra of the rehydrated oxide surface, 
the catalyst formation steps and the polymerisations of ethylene and 
propylene were recorded* 
2. C. 3) Analytical techniquese 
i) Titanium analysis With an acidic titanium (IV) solution, 
hydrogen peroxide produces a yellow colour, the intensity of which (up 
to 400 ppm. Ti) is proportional to the titanium concentration. The 
coloured, species has been identified as Ti(H 202)4 
4+ 
and the analysis 
of titanium is based on the colourimetric detexmination of this species. 
Following the method outlined by Voge]_113 9 standard titanium solutions 
were made up. Using a Unicam SP-800 Ultra-violet speotrophotometer, 
/1/. 
0 
20 4.0 60 80 100 120 
Ti 4-f conc. (p. p. m) 
. 
Piiruý:, 
-, 2.7. colourinetric analy"sis of Titanium. Cal-*Ab. r, -t ticn 
-9 o Ti4+ concentration &C; ainst absorlance at 241000cm7l. 
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a calibration curve of titanium -concentration (ppm) acainat absorbanco 
(24000 cnrl) was constructed (ficure 2-7). No interference was detected 
from any of the other species in solution and distilled wator was used 
in the reference cell* Titanium modified samples of macnosium oxide 
were prepared using the microbalance as described in section (2. C. 1). 
Each sample was dissolved in concentrated sulphuric acid (3 MI-0,11 
hydrogen peroxide (5 ml. )was added and made up to 50 ml. with doionisod 
water (final acidity/V 2N). The abs6rptionsof the sample solutions 
were determined at 298K and their titanium concentrations road off the 
calibration plot. Sensitivity was one ppm. Tit equivalent to 
. 
05 me. 
Ti, on a 50 mg. oxide sample. 
ii) Aluminium anal. Xsis-. A Southe=-Analytical A3000 model flame 
absorption spectrOphotometer was used to determine aluminium contents 
of catalyst samples. Aluminium. analysis is complicated by the 
refractory nature of its oxide, which reqUres a high-temporature 
114 
flame to produce the necessary decomposition A nitrous oxide/ 
acetylene flame (IV 3220K) was used and optimum response was obtained 
under the following conditions:. 
Absorption line 
'Pue, 
oxidant 
Burner height 
Lamp current 
Slit width 
3093 1 
C272; 8.4 I/min, 
IT 2 0; 8.0 1/min. 
4.5 
18 ma. 
2 
When usingthis flame, operating under explosive conditions, great care 
was taken to avoid the risk of an explosion when igniting and extinguishing 
-. . 
... 
.1 
10 
10 20 
Al conc. (pp. m. ) 
Finre 2.8. Analysis of Aluminium. Calibration curve for Al 
determination-by Flame Absorption Spectroscopy. 
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the flame. The exciting lirht was supplied by a hollow aluminium 
cathode lamp (Activan Glass Products, Ltd., ). Initial tests rovoalod 
that, of the foreign species present in the standard and sample solutions, 
only potassium ions interfered, 
, 
Z*Lvinf; slight enhancement of the 
aluminium absorption peak. Accordinaly both sets of solutions wero 
matched for e content (50 ppm. ) usinf; a standard KC1 solution. 
Standard aluminium solutions (between 5-20 ppm. ) wore made up from 
AlK(SO ) 
. 
12H. 0 (A. R. grade). A linear calibration was pbtained of 422 
aluminium concentration (ppm. ) af; ainst absorption peak heiCht. 
(figure 2.8). The sensitivity for 1% absorption was 3 ppm. Samples 
for analysis-were prepared on the microbalance as follows: 
- 
a) a control sample of MeO wastreated with Al(C 2H5)3 vapour 
(section 2C. 1), dissolved in concentrated sulphuric acid (3 ml. ) and 
made up to 50 ml. with water, 
b) two catalyst samples were prepared in the normal way (section 
2C. 1) and made up as above, 
c) a catalyst sample was exposed to ethylene Gas to confirm its 
polymerisation activity. It was then dissolved in hot concentrated 
sulphuric acid (3 ml. ), diluted and filtered (to remove insoluble polymer) 
and made up to 50 ml. with water*' 
The aluminium, content of these samples was determined from the 
calibration plot (detection sensitivity was equivalent to 0.10 mig Al 
on a Mg0 nample of 50 mg). 
- 
64 
- 
2. C. 4) Catalyst solubility studies, 
The solubility of catalyst samples in hot and coldp dilute and 
concentrated mineral acids were tested. Similar tanto wore applied 
to samples after ethylene polymerisation. Difficulties exporioncod 
in twettinCI the surface of these samples wore overcome by the uso of 
a surface active agent (Sunlight Lemon Liquid)., The proweighod 
samples, after suspension in acid solution (12h), wore filtered, dried 
and reweighed to determine the weight loss. Removal of the polymer 
from the catalyst surface using boiling tetralin allowed the solubility 
of the catalyst residue in acid solution to be tested. 
2, C. 5) or-nnning, rlectron Microscopy. 
This investigation was hindered by the low surface conductivity 
of the polymer coated samples, even after the deposition of a cold 
surface film. However, microGraphs of the fresh magnesium oxide 
surface and of polymerised samples, did allow for comparison of surface 
features. 
, 
Iffusion Studies, 
- 
2*C. 6) D 
Polymer samples were supplied in pellet form (polyethylene) or as 
a powder (polypropylene). The films necessary for permeation measurements 
were made by compressing the virgin polymer between smooth aluminium 
plates at 433K. Pressure was applied via a torque wrench throurh a 
screw-press. After compression the plates were allowed to cool slowly 
- 
65 
- 
to room temperature before separating. It was found that uniform 
polymer films ýbetween 
. 
05 and 
. 
15 mm. in thickness) wero formed without 
the use of spacers between the plates. Film thickness was moasurod 
using a screw-gauge micrometer-(accuracy :t 
. 
005 mm. ). A circular 
disc (3,2 cm. diameter) was punched from the polymer film and inzertod 
in the diffusion cell between two polyethylene Caskets. The cell was 
reassembled and glass-blown onto the vacuum system. After outeassinC 
the polymer film overnight (1-3 X 10-4 Idl. t; -2 P 308K)o a known pressure 
of olefin monomer was admitted to the high, pressure side of tho coll. 
The rate of permeation of the gas through the film was monitored by 
following the pressure increase on the low pressure sido, usinc a 
Mc. Leod gauge. A volume calibration of the low prossure side was 
made by gas expansion from the known volume of the McLeod Cauj; o. 
- 
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CLAýER 3. REr. )ULTS. 
PART A Results of infrgred spectroscopic studies. 
ljarmesimn Oxide- as- catalyst s3anjonxt 
-f-milmort E).. 
a) Activation of the namesiurl_ oxicle. The chancos in tho 
infrared spectrum of a self-supporting disc of calcined maenosia during 
catalyst activation in vacuo are shovm in fieure 3.1. The MaGnosia, 
surface (trace a)v freshly calcined for 14h. at 673K under vacuo, 
showed hydroxyl absorption bands at 3770 and 3640 cm7l. Treatmont vrith 
Tici 4 vapour resulted in the replacement of 
these bands by a broad 
absorption at 3650 cm7l and a shoulder at 3450 cm71 (trace b). The 
action of Al(C 2H 5)3 upon this titanium modified surface produced four 
bands in the (C-H) stretching region (2955,2920p 2880 and 2860 cnrl) 
but did not disturb the hydroxyl abso; rptions (trace c). 
b) Polymerigation oL gthylene ras on the acti3Late-j 
-catalvat 
disc. 
Magnesium discs activated at room temperature were active for ethylene 
polymerisation (figure 3.2), Traces b) and c) were recorded after 
10 mins. and 2h. polymerisation respectively. The absorption peaks 
at 2920 and 2860 
d-1 increased in intensity as a function of the 
polymerisation time, while those at 2955 and 2880 cm71 were (; radually 
absorbed into the growing peaks as POlymerisation progressed. Long 
polymerisation times (> 20h. ) led to the coalescence of the growine 
peaks, givine an intenset broad band at 2900 crý''. 
t ra ns,. 
80'0/o 
b 
.I 
2011/o 
4000 3500 c M71 3000 
FiMEe- 3.1 Infrared study of the preparation cf tha mag, 
supported Ziegler Catalyst. a) hydro3Wlatod MrO; 
b) after TiCl treatment; c) after ,,.! tl(C T troatmont. 4 2'15) 3 
trans. 
- 
60'/o 
I-b 
I\C 
2001o 
-4000 3500 3000 
Cm 
Pi re 3,2. Ethylene polymorisation on a maenesia supported 
ZieCler catalyst. a) tho catalyst surface; 
b) 10. mins. reaction; c) 2h. reaction. 
(PC '-7.7 kjr*rý-2) A 
trans. 
"1 
a 
-b 
-C 
70"/o 
20% 
3000 
civo 
2900 
Fir-ure 3-2- Propyleno polymerisaticn on a magnesia supported 
Ziegler catalyst: a) the catalyst surface; 
-b) 10 mins. reaction; c) 12 h. reaction. 
(P 7. b kil CH 36 
trans. 
'1 
b 
8C)P/ 
20% 
4000 3500 c M. -I 3000 2500 
ELrýurc Exchar, [; e of the macnesia hydroxyl rroups vith D2 
a) M, -! -O surfa ce after evacuation at b7, ',, Y,; b) after 
cxchanZ; c vrith D. 0 at 573K and evacuation at b731:; 
c) after troatmont with HC1 at room temper, -tture, 
tmns. 
a 
1 80% 
20"/o 
4000 35QO 3000 
I Cv, -l 
P i, 
-uEo 3.5. Reaction of Sli. Cl with the maC. nosia surface. 4 
a) the lJr,, -O surface after evacuation at b73K; 
b) after troatmontwith SAM vapour at room 4 
tenperatýre. 
trans. 
70'lo 
20% 
4UUU ajuu OUUV 
CM 
I. Reversed' catalyst activation a) the Lc6 zýý, -ca 
after evacuation at b73X; b) after treatment -rith 
Al(C 2 If 5 vapour at roorl temperature. 
trans. 
i 
c 
d 
Ic 
. 
/ool. 
20% 
4000 3500 3000 
cm-l 
'ý. 7. 'Rovo. 
-Oad' catalyz; t activaticn (ccntd. ). c) aftor 
troatMe'Alt With alCl 4 vapou--; d) aftor expo. -ouro to 
c T, (8.6 lclT. M-2 2 for 24 hý 4 
0 
ý 67 - 
0) ps2lymerinatign of promrione ras on thu agtivatgd CatalYat 
disc. The progressive polymerisaticn of propylono an the surface 
of the active catalyst (trace b) is shown in figure 3.3. Spectra 
recorded after 10 mins. and 12h. (traces cl and dj respectively) showed 
that absorption peaks at 2955,2920 and 2880 cm7l increased in intensity 
as polymerisation proceeded. Long polymorisation times led to the 
loss of this fine structure# resulting in a broad, intense band controd 
at 2900 crrle 
d) D23jtej: oZyl exchanim witli the ma=egla surfaca and sabseq3jgnt 
reaction with HCI P-as. (figure 3.4). The hydroxyl strotchirCbands 
of the magnesia surface (3770 and 3640 cm7l, trace a) wore completely 
exchanged by equilibrating with D20 vapour at 573K and evacuating at 
b731C. The deuteroxyl bands appeared at 2780 and 2680 cm-1 (trace b), 
shifted to lower frequencies by a factor of approximately IIJ-2 from the 
original hydroxyl absdrptions. Admission of HM Cas to this doutoroxylated 
surface produced broad bands at 3500 and 2b2O cm7l and a shoulder at 
23bO cd'I (trace 0. Further absorption peaks wore observed at Ib2O 
(strong), 1430 (medium) and 1190 cd" (weak). 
e) R-eaction of SiQj-, xaro= 
-m*th 
the mamesin surface (fi-r, 
-Ure 3.51. It 
At room temperature, SiCl 4 vapour reacted readily with the hydroxylated 
magnesia surface (trace a) to produce two new absorptions at 3740 and 
3560 cm7l (trace b). 
f) 'Reversed' catalyst activation (fi=es 3.6 od 3.7). Treatment 
of the magnesia surface (trace a) with Al(C 2H5)3 vapour produced four 
- 
bS 
- 
bands in the (C-H) stretching region (2955,2920v 2880 and 2860 cm7l) 
but did not perturb the hydroxyl absorptions of the maCnosia (traco b), 
subsequent exposure to TiCl 4 vapour (trace c) yielded a very broad peak 
at 3650 cm7l with a shoulder at 3450 cm7l (identical to the spectrum 
produced by direct interaction of TiCi 4 with the marnonia ourfaco) 
accompanied by complete removal of the (C-H) aboorptions introduced 
in the previous reaction. Following exposure to ethylene gas this 
surface did not display any polymerisation activity (trace d). 
3. A. 2) Titanium dioxide (rutile) as su-pport,. 
a) Activation of the rutile su=cg- (fi=o 3-.. Q)-. Thormal 
activation of a rutile disc sample at 493K (section 2. C. 2) produced 
the spectrum of the hydroxylated surface (trace a) with poaks at 3730, 
3700,3670 and a broad absorption at 3420 cm7l. There was no absorption 
band in the region of the water bending 
- 
mode at lbOO cm7 
1. Exposure 
of this surface to TiCl 4 vapour (trace b) cau3ed the complete removal 
of the bands at 3730,3700 and 3670 cm71 and a shift in the position of 
the broad absorption peak to 3370 ciý-'. The reaction of Al(C 2 if 5 )3 
vapour with this surface led to the appearance of four peaka in the 
(C-H) stretching regiont 2955,2920,2880 and 2860 ed". 
b) Polymeripation o; Lvtbalene aaa oIL-the activated =tile surfaCO. 
The rutile surfacep activated at room temperaturep was active for ethylene 
polymerisation (figwe 3-9). The progressive Polymerisaticn at the 
rutile surface is shown in traces b) and c), recorded after 3 mins. and 
I. 
trans. 
b+c b 
c 
a 
00'/o 
20% 
3800 3400 3000 
CM71 
g. In-Crared study of the preparation of the TO 2 
(rutilo) 
supported Zie,! 71erý catalyst. a) '1110 2 surface after 
oxygen v&,. sh at 0673K, rehydration at 293K and ovacuation 
at 4931':. *;. b) after TiCl 4 vapour; c) after Al(C 2ý5)3 
treatiment. 
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C2H4 polymerisation. a) catalyst surface; b) 3 mins. 
y T. M72 reactio-a; C)' 30 mins. reaction (P 7. b 
Firu*r2., 3- 1! I,. CH polymerisation. a) catalyst surface; b) 5 mins. 3 
reac tion; C) I h. reaction (PC211 7.8 
"1. 
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30 mins. respectively. Absorption peaks at 2920 and 2860 cm71 incroasod 
in intensity as a function of the polymerisation time. 
c) PolyneXisation of rXoDyj, 2ng rao on the- activiZted Mt: Lla gjjrfrLýg. 
Figure 3.10 shows the changes which occur in the infrared spectrum of 
the activated rutile surface (trace a) during the polymerioation of propylono, 
Traces b) and c) were recorded after 5 mins. and I h. respectively. 
Absorption bands at 2955,2920 and 2880 cm increased in intensity as 
a function of exposure time. 
in rmm-Q ýatajy ril 
3-B-11 11 s de. -112= ium 
Dcposure of this white solid (in either powder or compressed disc 
form) to TiCl 4 vapour produced a faint yollow-brown colouration. 
Subsequent treatment with Al(C 2H5)3 vapour caused the sample to turn 
grey in colour. The intensity of the grey colour appeared to reach a 
maximum after aný. exposure time of about ten minutes. Exposure of 
such samples to oxygen at room temperature led to rapid removal of 
the discolourations. Polymerisation of either ethylene or propylene 
gas on activated powder samples caused the agglomeration of the fine 
catalyst particles, eventually forming a Ispongyt mass. A -, --, hiny, 
transparent film was clearly visible on infrared disc samples after 
prolonged polymerisation. 
- 
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3. B. 2) Titanilm diO&i-da* 
During activation, the colour of white rutile disco chanCod 
through pale yellow-brovm (after TiCl 4 vapour) to groy-black (aftor 
Al(C95 )3 vapour). The original white colour was roConoratod by 
oxygen treatment at room temperature. Polymerisation of othylono 
or propylene on the disc surface produced a shiny, transparent surface 
film. 
PART C 
Thermal. activation of Idg(OH)2. 
The average weight loss recorded during the calcination of 
magnesium hydroxide at 673K was 29. Wo (theoretical vreight loss for 
complete decomposition = 30-Wo). A sample of hydroxide (70 mg) 
producedm oxide sample of about 50 mg. 
Rggr-, ýjoll of TiQl q with IAF,, Q. C. 2) It 
The results of gravimetric and analytical 
-studies of the reaction 
between TiCl 4 vapour and the magnesia sUrface are given in Table 
The average amount of titanium in the recorded weight gain was- 
found by analysis to be 25.5 (1 0-5)%. This figure was subsequently 
used to estimate the amount of titanium in polymerisation catalysts 
prepared in identical fashion to the samples in table 3.1. The 
" 
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Sample I-TrI. 0- Wt. TiCl 4 wt* wt, of Ti Ti x 100 Mg. Mg. Mg. TiCl 4 
IT 49.7 8.85 2.23 25.1 15.0 
27 48.4 8.45 2.13 25.2 18.5 
3T 50.2 8.10 2.13 26.3 15.8 
47 49.1 8.70 2.20 25.3 19.0 
Table 3.1, Reaction of TiCl 4 vapour with the MgO 
surface at 308K. 
weight gain during the TiCl reaction was not dopondont upon the outgassing 4 
time of the oxide sample for heating times botweon 15 and 19 he 
3. C. 3) Reaction of Al(CH5) 3 with the TiCl 4AW surface. 
The reaction of Al(C 2 11 53 vapour with the titanium modified 
magnesia surface was found to be irreproducible. Following initial 
exposure of the surface to the vapour, a small weight Gain was invariably 
observed W3 mg. )- Evacuation of the activated sample prior to 
polymerisation experiments led to complete or partial loss- df this: veight 
increase* In several instances the recorded overall weight change 
was negative. Catalyst polymerisation activity was not related to the 
nature of the weight change during this activation reaction. Analysis 
of four samples (three controls and one active catalyst, section 2, C, 3) 
failed to detect the presence of aluminium. The lower detection limit 
of the analytical technique corresponded to 0.1 mg. of aluminium on a 
ý 72 - 
magnesia sample of 50 mg. The direct interaction of AI(C 2H5)3 vapour 
with a fresh magnesia surface Gave a cmall weight Gain but again, no 
aluminium was detected on analysis of the samplo. 
PART D. Kinetic investiCation of the polymerioation of CH and C H* on the 
-1dr-- 
24 
'*'3-" 6 
aýtiLya-t, aj narmesla mmf=. 
introduction. 
Polymerisation was followed gravimetrically. A standard weight 
of catalyst was 'used in all polymorisations to minimiso variations 
in the geometry of the catalyst bed. The vreicht of polymor formed 
after time t mins. (mt) was expressed as milli-moles of monomer polymorisod 
per mg. of titanium present in the catalyst. The observed rate of 
polymerisation fell off rapidly from its initial value, It was found 
that for a particular polymerisation, the weicht of polymer formod (m t) 
I 
had aJ dependence. As previously noted (section 2. C, I) it was not 
possible to reproduce the polymerisation curves. The adherence of the 
data to the t relationship is shown for three samples in fieuro 3.11 
in which m2 is plotted against the polymorisation time (t). Since t 
all three samples had the same weight and were treated in identical 
fashiont figure 3.11 also serves to illustrate the inhorent irreproducibility 
of the polymerisation system. Experiment showed that at constant 
temperature and pressurep the gradients of such plots remained effectively 
constant for reaction times of up to five hours. Thus for the purpose 
Mt 
0 
f2c__3, 
_fl. 
ID 
I- 
, 
30 
1) 60 
t (mins. ) 
C If on a ma, -nosia supportod Polymerisation of 24 
I Ziegler Catalyst. T= 308 X; P. = 7,6 lcl%, #n 
(0 
-rulllE; 4 ruil 2E; A run 3E). 
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of investigatina the pressure and tomperaturo dopondoncios of tho 
polymerisation reactions, split temperature and split prossuro tochniquas 
were developed* In this fashion it was possiblo to obtain prossuro 
or temperature parameters from a sinj; le catalyst sample. 
3. D. 2) Treatment of 'Pol-warisation- da-ta. 
The rate of weight increase during Polymerioation was found to 
obey a law analagous to the parabolic law followed by tarnishine reactions 
at metal surfaces. In such reactions, the rate determining atop in 
the diffusion of reactants to tho reaction surface throuCh a growinC 
surface film. The parabolic law may be expres-zed an: 
dx k( Co me 0n) 
dt =x (3.1) 
where X is the thickness of the mirface fillm at time t; C0 and C 13 are 
the concentrations of the diffusine species at the exterior and illtbrior 
surfaces respectively; and k is the rate constant. 
The weight (14) of a polymer film of density (P) and thiclmosa (X) 
extending over an effective catalyst surface area (a), is given by: 
U= lap 
Differentiating with respect to time (t), 
cUl aP dX (3-3) 
c rt- dt 
and from equation (3-1): 
&I 
= 
(a pk (co cs ) 
dt (3-4) 
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Integratine betueen limitsp 
mt 
M. du 
,= 
(ap )2 k (Co 
-c 13 
)t dt. (3-5) 
tm0t0 
gives: 
(M 2t-m20)= 2k(a p)2 (00 
-c0 )(t -t0) (3.6) 
where m0, Mt represent the mass of polymer formed after times to and t 
respectively. Since C the concentration of monomer at the catalyst 
surface, is small under conditions where transfer in rate doterminingv 
then: 
(C c) -C s)-.: 2: c 
Aýssuming that sorption of monomer at the exterior of the polymer film 
obeys a law of the form: 
C0pn (3-7) 
where 
Z is a constant and p is the external gas pressure# then: 
(Mt 2_m02)= 21dý Pn (a p)2 (t 
-t 0) (3-8) 
Thus a plot of (mt 
2_m02 
against (t 
-t should yield a straight line 
n2 
of gradient 2Mý p (a p). This gradient can be expressed in the form: 
21d pn (a p2=Kpn (3-9) 
where K is a constant at constant temperature. In this form, equation 
3.8 can be applied to POlYmerisation reactions during the course of 
which either the temperature or the monomer pressure is varied. If 
t0 is zero, then mO becomes zero and equation (3-8) reduces to: 
(K pp t )+ (3-10) 
the relationship obeyed by the plots shown in figure 3.11. 
- 
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3. D. 3) Wgmminaticn O; L L--PX9QslArq, cle-oandpncg of olgfin nolm, grinatlo; j. 
The pressure dependence (n) of the reaction at constant tomporaturo 
was detemined by application of equation (3-8). 
a) C2H4 polymerisation. The results of one polymorindtion 
(run 4E) are reproduced here in their entiretyt illustratinc the principles 
described in section 2. C. a. In subsequent cases only those dotaila 
pertinent to equation 3.8 and to the later ataces of the kinetic 
analysis are given. 
Table 3.2 shows how the (mass of polymer/timo) data (fieuro 3.12) 
was adapted for equation 3.8. Values of m0 and t0 were chosen to 
figLve polymerisation times of around 30 minutes for each monomer proosure. 
Table 3.2. 
The polymerization of C H' at different monomer pressures 24 
(Run 4E; figures 3.12,3.13. ) 
time W -polymer mass (TO 
- 
i)ressure (-o) (Mt 2_m02 (t 
-t 0) mins (m. moles CO, 4 /Mg. Ti) klf/m4 
006.00 
3 0.129 
0.180 
8 0.240 
10 0.274 
12 0.303 
14 0.331 
16 0.357 
18 0*381 
20 0.405 
Continued/ 
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t ra 22 p (M t. m0) (t 
-t0) 
22 0.427 
24 0.449 
26 0.469 
28 0.489 0 0 
30 0.509 01019 2 
32 0.527 0.038 '4 
34 0.545 0.057 6 
36 0.562 0.076 a 
38 0.579 0.096 10 
40 0.595 0.115 12 
42 0.611 0.135 14 
44 0.628 0.154 16 
46 0.643 0.174 18 
48 0.657 0.193 20 
50 0.671 0,212 22 
52 0.686 0.471 24 
54 0.700 0.490 2G 
56 0.714 0.510 28 
58 0.728 0.530 30 
60 0.741 0.549 32 
Pressure change 2.00 
64 0.758 0 0 
66 0.762 0.007 2 
68 0.767 0.014 4 
70 0.77T 0*020 6 
72 0.775 0.027 8 
Continuod/ooeo*. 
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t p t' 
22 
t 
74 0.779 0.033 10 
76 0.783 0-039 12 
78 0.788 0.045 14 
80 0.791 0o052 16 
82 0.795 0.058 18 
84 0.799 0-065 20 
86 0.802 0.070 22 
88 0.807 0.076 24 
90 0.810 0o082 26 
92 0.815 01090 28 
94 0.819 0.096 30 
96 0o822 0.101 32 
Pressure change 9.35 
98 0.832 0 0 
100 0,851 0.033 2 
102 0.872 0.068 4 
104 0.893 0-105 6 
106 0.913 0-142 8 
108 0.934 0.180 10 
110 0.953 0.217 12 
112 0.972 0.254 14 
114 0.992 0.292 16 
116 1.010 0.329 18 
121 1.056 0.424 23 
122 1.065 0.443 24 
124 1.083 0.481 26 
- 
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t m pmt22 t-t0 
126 1.100 0-51-7 20 
128 1.117 0.556 30 
130 1.133 0*592 32 
132 1.150 0.632 34 
Pressure change 3.61 
133 1.188 0 0 
142 1.200 0'. 028 4 
144 1.206 0.042 6 
146 1.211 0.056 
148 1.217 0.068 10 
150 1.222 0.081 12 
152 1.228 0.096 14 
154 1.233 0.109 16 
1564' 1.239 0.122 18 
158 1.244 0.135 20 
160 1,249 0.147 22 
162 1,254 0.161 24 
164 1.259 0.172 26 
166 1.264 0.186 28 
168 1.269 0.199 30 
170 1.274 0.211 32 
172 1.279 0*223 34 
174 1.284 0.236 36 
m (rnmoleC2H4 mg. Ti) t 
Pi gura 3.1 a. C 2H4 polymerisaticn. Tho effoct'of changing tho 
monomer pressure on the polymori,, aticn rate; T 308K. 
(run 413; table 3.2). 
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PirQ3.13. C2H4 polýmerisaticn. 
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Fiýýre 3.14. C 2Hý polymerisation. Variation in Polyncrisaticn 
rate with monomer prossure; T= 30ý K. (run 52). 
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-ure 
3.1-5. Ch polymerization. Variation in polymerization 
rate with monomer pressure, T= 308 X". (run 6E). 
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Figure 3.16. CH pol5rmorisa. tion, Procsuro dopondonce of tho, 24 
polymerization rate. (o. run 4E; 9 lun 5E; + run 
6E; table 3-3). 
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Pigure 3.12 shows the increase in voight of the catalyst camplo as a 
function of timev followina exposure to a range of othylono monomor 
pressures. Application of equation 3.8 to this data yioldod a linoar 
plot for each of the pressure roCions (ficuro 3.13;, tablo 3*2). Data 
for two similar polymerisations (runs 5E, 6E) is plottod in fiCure3 
3.14 and 3.15 respectively. At low values of 
-(t -t 
)p curvature of 0 
the plots is evidence that after a pressure change, come time in required 
for the attainment of-the ambient polymerination rate. PrOM eqUation 
3.9, the gradients of the straight line plots for runs 4E. 5E and 6E 
can be expressed as: 
(Mt 2- MO 2) 
(t 
-t OF 
= IC 
The values of the gradients are given in table 3.3. (n) was dotorminod 
Table 3.3. The pressure depondonce Of CJ4 polymerisation, 
n 
4/ML 
(T 
= 
308K)- The units of Kp-are 
1(m. moles 
CA 
. 
Ti)2 min. -I 
(rLms 4E, 5E, 6E; fiGuro 3.16). 
Rim No., Pressure log 10 
-- 
p Cpl x 10 3 locio Ke (kN. m7? 
-) U.,; ý-2 
4E 9.35 0.971 18.73 
-1.727 
-6.00 0.778 9.63 
-2.016 
3.61 0.558 6.52 
-2.186 
2.00 0.301 3.09 
-2,510 
5E 11-33 1.055 15.78 
-1.802 
7.74 0.888 9.40 
-2*027 
- 6.61 0.820 6.52 
-2.186 
3.93 0.595 4.84 
-2.315 
2.28 0.358 2.09 
-2*691 
6E 11.28 1.052 3.86 
-2-413 
8.35 0,922 3.11 
-2.507 
Continued/ 
- 
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Table 3-3 continued, 
R= NO Pressure (P) loc 10 RP 
nx 103 loc, 
ollp 
n 
(kN m-2) jdj. r; --2 
7.35 0.866 2.16 
-2.665 
4.80 0.682 1.53 
-2.819 
3.41, 0.533 1.11 
-2,955 
1.67 0.223 0.54 
-3.274 
Table 3.4 Values of n for C Ir and C3M6 polymorisation 24 
(figures 3,16,3.19). 
Monomer Run No. n 
c2H4 4E 1.09 
5E 1.12 
6E 1.07 
c 7E 1.09 
8E 1.10 
from the slopes of the corresponding log/jog plots (figure 3.16) and 
the values are tabulated (table 3-4). The mean value Of n for ethylene 
polymerisation was fOunl to 1ýe 1-1- 
b3 CH6 polymerisation. Polymerisation of propyleno on the supported 
catalyst was found to obey the rate law proposed in equation 3.8. The 
application of this law to two propylene polymerisations (runs 7E and 8E) 
a. 
2) 
mt 0 
ic 
i 
. 
002 
. 
001 
0 
Pir-are 3.17. C Il. polymerisation. Variation in polyno-rization 3b 
rate vith moncmar p-. cs. -, Ure. T 308 K (run 7Z). 
01 30 60 (t-t. ) (mins. ) 
On 2m2 t- o 
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001. // 
/0 
0 
/0 
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0 30 60 (t 
- 
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CýR polyiýorisation. * Variatim in polymorisation 
rate vath monomer pressuro. T= 308K (run BE). 
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3b polýmerisation. Prezz e dependo CH Zur nee of tho 
polymerisatien rate (o run 7E; s imn 8j.;; table 3-5). 
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over a range of monomer pressures is shown in fieuroo 3.17 and 3.18 
respectively. Thecradients of the linear portions are listed in tablo 
3.5- (n), the pressure dependence of the reaction wan determined for 
each ran (table 3.4) from the plots of loolo mtý0 loclo P 
t-t 
0 
(figure 3.19). The mean value of n was found to be 1.10" 
Table 3.5. The pressure dependence of propylono polymerisation. 
n2 
-1 (T 
= 
308K). The units of (Kp ) are (m. moles. c 3H6/MC'T') min 
(runs 7E, 8E; figure 3.19). 
Run No. P;: essurR (P-) log 10 
--- 
p Kpn x 106 106,0 rp n 
er374 U. rý*2 
7E 22,58 1.354 21,5 
-4.668 
14.67 1.167 13.8 
-4.862 
9.76 0.990 8.5 
-5.073 
5.58 0.748 4.8 
-5.320 
8E 17.20 1*236 26.6 
-4.576 
10.12 1.130 18.3 
-4.738 
8.53 0.932 13.9 
-4-855 
4.81 0.683 6.4 
-5.192 
These results indicated a first order-pressure dependence for the 
polymerisation of C2ý4 and C3%. Equation 3.7 can thus be written-, 
*f C0=. k (3.11) 
- 
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This is identical with the Henry's law equation Govornine dilute solutions 
of permanent gases. Equation 3.8 can now be written: 
(M 2t-m0 2) 
= KP(t 
_t 0) (3-12) 
3. D. 4) Tem-nerature del)endence L)f the ]ýolvmorisation ratg,. 
a) C 11 polymerisation. The polymerisation of ethylene as a 24 
function of time at ten different temperatures is shown in ficuro 3,20 
(run 9E), Application of equation 3.8 to each of the temperature 
reeons yielded the plots shown in figures 3.21 and 3.22. Below 
320K a linear relationship between (m t2_m02) and (t -t was 
observed and the gradient inoreasedwith temperature. Above 320K 
departures from linearity were observed and the initial slopes decreased 
with increasing temperature. The temperature dependent constant, K, 
was found to obey an Arrhenius law at temperatures between 273 and 320K. 
(table 3.6; figure 3.23): 
K= K' exp 
Eact ) 
0 RT (3-13) 
Table 3.6 Temperature dependence of C Ir polymerisation. (figure 3.23; 24 
-2 
run 9E). p=7.60 m7 The units of K are (M. Moles C2H4 /mg. Ti)2. 
min. -', (kN, m -2 1 -1 - 
T/O K I/T x 10 
3 IC x 10 
4 
log, 0K 
273.0 3.66 0.65 
-4.187 
285.0 3.51 2.94 
-3.531 
296.0 3.38 5.43 
-3.265 
302.0 3.31 5.30 
-3,275 
307.0 3.26 8,25 
-3.084 Continued/.,,, 
m (m. mole TI t C2h 
/Mg' 
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bemperature on the pol5marisation rate,, -P7.60 
(run 9E). 
(M 2_ M2) t0 
32Q5 K. 
Q2,307 K. 
302 K 
0 296 K. 
265 K. 
2 73 K. 
t/I-/. 1-1 0 
I'll, 0 I'll, 
oor 0 
101, 
--V 
i 
-A, A 
10 
20 (t- V (rnins*"ý") 
Firure : 1.21. C2 11,4 polymerisation. I'lariatiad arrate with teoperature 
below the catalyst-decomposition temperature* 
7. a klT. m7 
2. (run 9-. ý, ). 
H. 
. 
'. 
. 
... 
.1 
.1 
.0 
3305 K. 
3 41 5 K. 
3520 K. 
37 33,0 K. 
+ z+ 
+Z 
o''a 00 
10 20 
(M i ns. ) 
polyno. "ication, Variation in polyrieri-lat'jo-, Ch 
rate with temperature above the catalyst doconpcsition 
eL t 'iperature, p 7*b kllorr2- (run 913) 
2.4 2.0 3.2 3 3.6 
T 
2H4 polymerisation. Tomparature dependence of tho Fi Par- eC 
polymerisation rato (Arrile-nius law), (Rim 912; tablo 3eb)s 
log K' 
(m2 M2 
t 0" 
. 
.0 
359.0 K., 
3 07.5 K. 
+ 286.0. K. 
-29Z2 K. 
C, 273. OK. 
Aleo 
4. 
V-40 
A 
A "0, 
0-0-- 0 CI-0-0-0-C-0- 
o-o - c)--o 
20 30 
- 
(t-t. )(mins. ) 
0 
Fi! ýure 3 , 24. C2H4 pclýmarisation. Variation Of PO%merisation 
-rate vith temp:. -raturo, for a catalyst S, *I-"'Plo prior to 
high tempcraturo, agoing (359 X) p= 7*6 (nm 10.1, ). 
2m2 
t- 0 
. 
01 
. 
00 51. 
307.5 K. 
297. ý K. 
A 285.5 K. 
0 
00 
0-55 
4 
0 10 20 30 
(t 
- 
t) (m Ins, )
3.25. Ch polymorisalion. Pi &u Variation of polymorisation ra"te 
with temperature following catalyst aceing at 359 F. 
- 
p 7, b IdT, n7-2. (run 1 OE) 
. 
I 
og'K 
- 
3,55 
-40 
-4.5 
-5.0 
H
:0 
0 
\0 
\. 
N. 
i 
X10 
3 
polymerivation. Temperature do 
_2b* 
C2 H4t pondence of tho, 
polymerization rate (Lrr. honius law) prior to (o), 
-mdefter 
(o) aý; cing at 359 X'. p= 7.1j (rwn IOB; trAblo 3.7). i 
-83 - 
Table-3.6-c. ontinued 
T/oK I/T x 103 Kx 104 log I OX 
320,5 3a, 12 11-75 
-2.939 
330.5 1 3.03 12.60 
-2,899 
330.5 f 3.03 10.78 
-2.937 
341.5 1 2.93 12-31 
-2.909 
341.5 f 2.93 9.70 
-3-013 
352.0 1 2.84 11,63 
-2.934 
352,0 f 2.84 8.75 
-3.058 
373.0 2,68 10-84 
-2,964 
i= initial value. 
final value. 
At higher temperatures this relationship did not hold and K became time 
dependent. It was believed that the progressive decrease in the value 
of K at temperatures above 320K resulted from deactivation of the poly. 
merisation sites. This was confirmed by ageing an active catalyst sample 
at 359K and comparing the pre-ageing (fig. 3.24) and post-again[; (fic. 3.25) 
polymerisation activities (run 10E). Pigure 3.2b (table 3.7) illustrates 
that while heat treatment above 320K led to a decay of catalyst activity, 
the slope of the Arrhenius plot remained effectively unchanged. In view 
of this catalyst'deactivation at elevated temperatures, subsequent studies 
of the temperature dependence of the polymerisation system were carried out 
below 320K. 
- 
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Table_2.7. Temperature dependence of ethylene polymorination boforo 
and after high temperature (359K) treatment of the sample. (fic-3.26; 
run 10E) p=7.6 kN. m72. The units of K are ( M-molos CýjITA/Mj;. Ti)2. 
mi -I(tN. m72)71 
T 
n. 
T/oK 1 /T x 103 Kx 104 log I OTC 
273.0 3-6b 0.111 
-4-953 
236.0 3.50 0.374 
-4.427 
297.2 3.36 0.480 
-4-319 
307.5 3.25 1.154 
-3.818 
359.0 i 2.79 3.320 
-3-478 
359.0 f 2.79 2.440 
-3.612 
286.5 3.48 0.170 
-4.770 
297.2 3.36 0.180 
-4.552 
307.5 3,25 0.341 
-4-467 
i= initial value 
final value 
Three determinations of the activation energy for the Polymorisation 
of ethylene were made over the temperature range 273 to 320 r, Catalyst 
activity, as a function of temperature for each of the three POlymerisations 
(runs 11E, 12E, 1,3E) is shovwn in figures 3.27,3.28 and 3.29. The 
corresponding Arrhenius plots are illustrated in figure 3.30 (table 3.8). 
The values of the constants K and E (equation 3.13) are given in 0 act 
table 3.9 and the mean value of the activation energy was found to be 
36.0 + 4.2 kJ. mole-1. 
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with temperature below the catalyst decomposition 
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Tablej. 8. Arrhenjus plots for the polymerisation of ethylene 
(fig. 3.30; runs 11E, 12E, 
Kare (m. moles C2H4 /mg. Ti) 
13E. ) 
2. 
min. - 
p=7.40 kjj. m72. 
l (IcN. M72Tý 
Tho unita of 
Run No. T/OK I/T x 103 Kx 104 log I OX 
IIE 273.0 3. bb 1.50 -3.823 
284.5 3.51 29bb 
-3.574 
308.0 3.24 9.00 
-3.04b 
ý21.5 3-12- 14-95 
-2.854 
12E 273.0 3. '. bb 0.37 
285.0 3.53 1.37 
297-Cr 3.37 lb9 
307.0 3,2b 2.75 
322.0 301 4.38 
13E 
-4.427 
-3.864 
-3.772 
-3.561 
-3.358 
-5.903 
-5-480 
-5-407 
-5.061 
Table 2.9. Temperature dependence parameters for ethyleno polymorisation 
(fig. 3.30; runs llEp 12E, 13B)o see equation 3.13. 
Run No. Kx1 Cr2- E kj. moler" 
0- act 
IlE 6.2- t 2,8 34.9 ± 1.7 
12E 2.8 k 2.6 35.7 + 6.3 
13B 0.3 + 0,2 38.6 
-+ 
3.4 
273*0 
2$6, *0 
296.0 
307.5 
3.66 
3.50 
3.38 
3.25 
0.013 
0.033 
0.039 
6.087 
- 
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b) C3 H. polymerisation. The tomporaturo dopondonco of tho 
propylone polymerisation was studied and was found to oboy an Arrhoniuo 
type law (equation 3.13) over the ranGo 273 to 320K. Figuros 3.31t 
3.32 and 3.33 show the variations of catalyst activity with tomporaturo 
for three polymerisations (runs 14E, 15E, 16E). The corrospondinC 
4 
Table_2.10. Arrhenius plots for the polymorisation of propylono (fiG. 
3.34; runs 14E, 15EP 16E). The units of K are (M. Molos c3 11 b /MgTi) 
2 
min. ý' od,. Z-2 ) -1 
R= No, plidT. m -2 T/oK I /T x 103 Kx 104 log 10 K 
14E 16.3 273.0 3.66 2.48 
-. 
6.606 
292,0 3.42 4.88 
-6.311 
307.5 3,25 7.50 
-6.125 
318.5 3.14 13.55 
-5.868 
15E 11.5 273.0 3.66 0.74 
-7.129 
292.0 3.42 I, bS 
-6.774 
307.5 3.25 2.56 
-6-592 
318.5 3.14 3.68 
16E 18.5 273.0 3. bb Oebb 
-7*182 
291.5 3.43 1.03 
-b*986 
307.0 3.2b 2.55 
-6.593 
318.5 3.14 3.56 
-6.448 
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Tablg 
. 
3,, Lt. Temporaturo dopondence, par=otors for propylono polymorication 
(fic. 3.34; runo 14E:, 15EP 16E), soo oquation 3.13. 
R= No. ýo x 102 E 
act 
/kJ. mole7l 
14E 4.3 * 29.7 27.3 
.11.7 
15E 1.2 t 0.6 27.3 ;t1.7 
16E 3.6 * 1.8 30.7 ± 5.0 
Arrhenius plots are shovm in fig. 3.34 (table 3.10) and the values 
of the constants 1% and Eact (Oqudtion 3.13) are c; ivon in table 3.11. 
The mean activation energy for propylone polymorisation was found to 
be 28.6 + 2,9 kJ. mole-1. 
3. D. 5) 
_The effeat 
of r-aseous immirities on the -nolvnerination rate pf otlivIone 
_(_fi, -, ure 
3.35-) 
a) Hydrogen The effect of adding hydrogen Gas to an establiahod 
ethylene polymerisation run at 308K is shovm in fioire 3.35. IlydroCon 
(1.06 MT. m -2 ) was added after 40 minutes of polymerisation and the 
ratio of C. H4 to H2 above the catalyst was 7.5: 1.0. The rate of 
polymerisation was not affected by the addition of hydrogen* 
b) 
-Oxyren. The sensitivity of the polymerisation catalyst to 
gaseous oxygen is sho7m in figure 3.35. An ethylene polymerisation 
ON 
O. C 
OD 
Q, o
VXJ 
ol'y 
L 
0 
Tlarn C IT polymorisation. 
. 
910 effect of igaseOU3 additives 
k1j. en the polymorisatiop rate. PC 14=7.50 
I'll 06 10. r: -2 a, T= 308 X, 
2 
40 80 120 
t (mins. )
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run at 308K was followed for 40 minutes and then the monomor was 
withdrawn from the system. OxyGon (0.40 kll, m72) was admitted to tho 
reaction vessel for 3 minutes and then removed by pumping for 15 minutes* 
The colour of the catalyst sample changed from (; rey to white during tho 
oxyCen treatment, Pollowing the ro-admission of ethylene to the system, 
no polymerisation could be detected, even after twolvo hours, 
c) D2 0. After 40 minutes reaction, the C2H4 was witharawn from 
the reaction vessel and the active catalyst was exposed to D20 vapour 
at 308K for three minutes. A laree weight increase was recorded over 
this three minute period. After pumping away excess reagent, the 
sample was re-exposed to ethylene Gas. No polymorisation activity 
was detected. 
PART E Stiadiegof the nature of tho s-uxfagg ! 2f the notiye catjjly3t. 
catal,, t pglubilityo 
The active catalyst was readily wetted by aqueous media and was 
completely soluble in dilute mineral acids. Following olefin polymerisationo 
the catalyst particles exhibited hydrophobic character and bocame 
insoluble in hot or cold, dilute or concentrated hydrochloric and 
nitric acids. Addition of a surface active agent (Sunlicht Lemon 
Liquid) led to wetting of the catalyst but did not affect the solubility 
of the particles in aqueous acid media (less than 4%. by weight after 
stirring with warm dilute hydrochloric acid for 18 hours)* Treatment 
1OL 
EX&Lp 
cf tha catalyst suý. -J 
. 
-4 k, Ca co 
. 
04 
i 
2it. 
. 
ýd, froro 3. '36b. Sc---, nrAn,: r clIccitron of th-,, 
crAal-y-st 
6,0 
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of the polymerised samples with boiling tetralin prior to the 
solubility test resulted in the restoration of almost complete 
solubility in cold hydrochloric acid. 
3. E. 2). Scanninp_ electron microscopy ýS. E. M. ) 
S. E. M. was used to investigate the surface features of the 
catalyst powder prior to and after ethylene polymerisation. 
The fresh catalyst surface is shown in figure 3-36a. Ethylene 
polymerisation aid not substantially alter the appearance of 
the surface. The polymer (which imparted hydrophobic properties 
to the catalyst particles) appeared as a continuous film except 
for small sporadic areas of fibrous growths (figure 3-36b). 
PART F. Permeation Studies. 
3-V-1) Permeation ofethylene pas in a polyethylene film. 
Monomer transfer through a polymer film was studied by 
following the rate of pressure increase of the low pressure 
side of the film. 
ý 90 - 
Two different polyethylenes were investigated over the temporaturo 
range 289 to 322 K. and the pressure/timo plots are shown in figures 
3.37 and 3.38. All of the curves followed the same pattornp exhibiting 
a non-linear induction period succeeded by a constant rate of monomer 
transfer. The linear portion of the curve, which yielded the 
permeability constant (P)p was extrapolated to give the time lag 
(8 secs). For both samples the values ofI3 were too small to be 
determined with any accuracyt althouGh in each case the valuo ofe 
decreased with increasing temperature. The value of P at each 
temperature was calculated (table 3.10) using the relationship: 
- 
P=Vx 273 xIx ýj (3.14) 
axTxpx 101,23 x 22.414 dt 
P= Permeability constant 
I 
moles. M71 OSOC71. (Idt. m--2)-' 
V= volume of the low pressure side of the 
permeation coll (0.153 1. ) 
room temperature 
1 =- film thickhess (m) 
a= film area = 2,03 x 10 mF 
dn gradient of the linear portion of the pressure/ 
dt 
time plot (kN. m -2 Sec-I 
p= pressure on hiCh pressure side of cell (M. zý-2 ) 
The permeability of additive-free polyethylene was found to be greater 
than that of Marlex, a commercial polymer. Over the temperature range 
studied, P obeyed an Arrhenius type law (figure 3.39; table 3.12). 
P=P0 exp. ' ( 
-Ep 
RT 
KN. 
0.0,4 
0.02 
.4 
0 
0 
322 K. 
316 K. 
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299K 
290 K 
/0/., "" A -. -- 
/0 40 
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"- 0 
'5 t (mins. ) (30 
FiMEo 3-ý7.7110 pormeation'of CORA Gas t, -lroup,, h a Marlex PolYctIlYlOnO 
r- -t 
7.0 x 10--5m; cH= 85.3 Lfld'2v 
p 
0.40 
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+/ 
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Tho permeation of CH gas through an additivc-froo 24 
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I 
Figure 3.39. The temperature dependence. of the pormoability 
coefficient (P) for tho system CU /polyothylono. 24 
(equation 3.15; table 3.12)o 
x 10,3.5 
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The values of,, P 0 and 
Ep for-the two polyethylenes are given in tablo 3.13. 
The mean value of the activation energy for permeation (E p) of othylono 
in polyethylene was found to be 41.5 (. J- 2.1) kJ. moloý'. 
Table 3j12 Permeation of C IF throuCh (C 11 )- the tomporaturo 2424n 
dependence of P (ficure, 309; eqgation 3.15). The units of P are 
-1 -1 -1 moles. m. seco (IcN, rr2) 
T/o 1/T x 103 p, x 1013 lot- 10 p 
Marlex-polyethylene p= 85.3 kN. m72; 1=7.0 x 
290 3.45 0.60 
-13,22 
299 3.35 1.03 
-12.99 
309 3,23 1.73 
-12.76 
316 3.17 2,20 
-12.66 
322 3.11 3.09 
-12.51 
Additive-free polyethylene p 86.0 kT. m72; 1=4.0 x 16-5m. 
289 3.45 4.35 
-12-36 
296 3.38 7.54 
-12.12 
308 3.25 12.67 
-11.90 
315 %18 21.26 
-11.67 
318 3.14 25.99 
-11.59 
Table 2.13 Permeation of C2H4 through (C 94)n 
- 
the values of P0 and 
Ep for two polyethylenes (equation 3.15). 
(C2H4)n p0 Ep/kJ,, mol6-1 
Marlex 
additive-free 
3.9 (t 2-3) 
8.7(; t 5.0) 
xI C77 
x 1cr5 
37.8(j 2.5) 
45.4(; t 1-3) 
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3. F*2) Permeation of joro-ofigne in a -nojvmro=jeno filln. 
The mass transfer curves for the permeation of propylene throuCh 
a high purity polypropylene film are shown in figure 3,40,. Values 
of E) were sufficiently large to permit the determination of the 
diffusion coefficient (D) and the solubility coefficient (S) using 
equations 1.12 and 1.6 respectively (table 3.14). 
Tabl e 3.14 Permeation of C 3H6 throuCh (Cýlb)n - the variation of 
P, D and S with temperature. Pressure = 86.0 cN 
. 
i--2 ; 1=1.3 x 10 -4m 
T 
o K 
13 px 10 
-1 -2 -2 -1 molessece m (kN, m 
Dx 1013 
2 
m. see-, 
S- 
-3 -2 -1 moles. m Xldl. m 
289 1.73 5.16 0.335 
298 2.33 10.10 0.231 
310 3.94 18,28 0,216 
315 5.23 25. b5 0.204 
Over the temperature range 289 to 315K, relationships 3.15P 3.16 
and 3.17 were obeyed-(table 3.15; figure 3.41) and the values of p0, D 
op 
so 
,Epp ED and A 11ý are given in table 3.16. 
D=D0 OXP (-ED) 
HT 
,s=% exp( 
_AHS ) (3-17) 
p (KN. n-2) 
-04 
too- e- 
C 
/A 
AA/ 
A 
315 K. 
AA 
310 
A 298K. 
A, 
Aý' 289 K. 
00 A ý 
/A/ 
"0 
0/ & A/ 
N A., AA7Ar 
0 100 200 300 
-Firurc 3.40. The perneation of propylono t: a. s throuGh a-polypropylono 
: film. p 8(o. 0 kl,. l*m72 0-4 01=1.3 x1 MI, 
log D 
or log P- log S 
-11.0 
-12.0 
"%-ý 00 
.IA log S 
. 
log D 
0 log P 
3.0 3.4 
F-ijZ-ure- 3.41. The temperature dependences of P. D and S for tho 
system CýHb/polýrpropylane (equations 3.15,3.169 3.17; 
table 3.15). 
- 
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Table 3.15. Permeation of C3H6 through (C 3H 6)n temperature 
dependence of P, D and S. Pressure 86ý0 kjT. M72 1.3 x 10 -4m, 
(fieure 3.41). 
103 log, OP log D log s T 10 10 
3.46 
-12.7b -12.29 -0-47 
3.35 
-12.63 -12.00 -O, b3 
3,22 
-12-40 -11.74 -O*bb 
3.18 
-12.28 -11.59 -0.69 
Table, 3.16 ý Permeation of C through (C H-) - values of the 63bn 
temperature dependence parameters (equations 3.15,3.1b, 3.17) 
% = 1.3 (; t5.0) x 10-7 
Do = 10.5(j6.7) x 1r5 
S = b. 9(±8.3) x 10-4 o 
E 32,8 (0.8) kJ. mole-1 p 
ED 46.5(±1.7) kJ. mole7l 
A HS 
-14.7(; L2.1) kJ. mole; -' 
The results tabulated in table 3.16 are in Good acroement with eqpation 
1.10: 
-. 
Eý = ED + '6 1ý 
so 94 
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CHAEZER 
, _M 
DISCUSSION OP AMLTS 
1ý 
PART A gAtallrat artiv 
4-i-1) SAMUes A-&JR=A-qim QIdO c&rrieX- 
Infrared studies 
i) M, The two bands in the infrared spectr= of the calcined 
magnesia surface (fig. 3.1a) have been assigned to the two different 
hydroxyl environments. Characteristically sharp froo-hydroxyl stretching 
vibrations (3770 cm7l) and perturbed 11-bonded hydroxyl absorptions (3640 cmrl) 
are in agreement with the model proposed by Anderson76 for the hydroxylated 
magnesia surface. 
ii) MgO/TiC1 4* The reaction of TiCl 4 vapour at such a magnesia 
surface is undoubtedly complicated by the formation of HC1 as a product 
of the initial reactions: 
T'cl 4+ MgOR C13*Ti-O-Mg + ECI 
ff 
Ticl 4+ 2KgOH ) Cl. 2 Ti + 2EC1 (44,2) 
9 
Interaction of this HC1 with the basic magnesia surface is likelyt 
HM + 21W 1WCJL + MgO11 (4-3) 
HC1 + MgOH MgC' +H 20 (4.4) 
The resultant H20 can itself participate in a further rewtion: 
mgoTici 3 +'H 20-ý MgOT'(O, ')C'2 + ECI (4.5) 
- 
95 so 
The complex nature of the ultimate surface is reflected in its broad 
hydroxyl spectr= (fig* 3*lb), Direct interaction of gaseous HC1 with 
the magnesia surface was studied using a deuteroxylated sample (fig-NO) 
having free and hydrogen-bonded deuteroxyl groups at 2680 and 2500 cEr' 
respectively (shifted downfield by a factor of 0,74 from their hydroxyl 
equivalents, fig. 3.4a)*, The formation of H 20 (1620 car') and DOH 
(1430 curl), was observed and'attributed to equations 4-3# 4.4 and 4.6. 
MaOD + HCI KgCl + DHO 
"F)-- (4.6) 
A small amount of DO (1190 cm7-1) was also formed,; presumably due to 
isotopic exchange between the aqueous species. Again the complexity 
of the resultant surface is don ons trated by the perturbed bydroxyl 
(3500 cmo-')' and deuteroxyl, (2625 cnrl) stretcbin vibrations, The 
shoulder at 2350 cm 
I has not been assigned although it must signify an 
interacting deuteroxyl. environment. 
(Ti-011) groups, proposed in reaction 4.5v would be expected to 
absorb in the infrared between 3500 and 3600 czý". In this region 
they would be masked by the very strong magnesia hydroxyV absorptions. - 
Accordingly SiCl 4 was chosen as a compound closely analagous to TiCl 4 
in both geometry and reactivityp except that (Si-OH) groups absorb above 
3700 cm and can be readily distinguished from (M&-OH) absorptions. .1 
The infra absorption band (3740 emr") produced by the reaction of SiCl 4 
vitk the magnesia surface is characteristic of the (Si-OH) stretching 
vibration (fig*' 3*5b)o The interaction was interpreted in terms of 
reactions 4.7.4*4 and 4.8m, forming strong evidence for the incidence 
of reaction 4*5* 
S'Cl4 + 14ý)M Sim 3-0"'ýg + 'ICL (4.7) 
HCL + MgOH M, 
-Cl + 11P (4-4) 
S'C'3-0-19 + E20 
---ý S: L(OH)C3-VOM9 + HC1 (4.8) 
so 96 
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In figure 3-Ibq the shoulder at 3450 caý" is rather low for the TiCl 2 (oil) 
species and is attributed to a hydroxyl species in a very polar environment, 
Thus the reaction of TiCl 4 with,, the basic magnesia surface proceeds 
through a complicated sequence of reactions. This is in contrast toý 
the silica/TiCl 4 system36P41 . in which the HU produced in the initial 
reaction does not react further with the acidic surface of the ailica. ý 
iii) X9O/TiCl I/Al(C2H5)3" Reaction of Al(C 2H5)3 with the titanium 
modified surface produced the spectrum shown in fie. 3-lao The absorption 
peaks were assigned to symmetric (vs) and asymmetrical (va) C-H 
vibrations as follows: 
2955 crý" v CM stretch 
a 3 
2800 Carl vs C113 stretch 
2920 cmrl Va CH2 stretch 
2860 ci-1 vs Clrý stretch 
These bands indicate the fixation of an ethyl species (C 2H5) on the 
catalyst surface. 
An identical C-H stretcbing spectrum was produced by the direct 
action of Al(C 2H5)3 on the bydroxylated magnesia surface (fig. 3.6b). 
The fixation of the hydrocarbon species did not perturb the surface 
bydroxyl environments (fig. 3.6a and b), such that fixation occurred 
on bare oxide sites. This reflects the basic nature of the bydroxyls, 
in direct contrast to those of silica vhich reacted readily with 
aluminium alkyl 
J6 
. 
Subsequent exposure of the magnesia surface to 
Tim 4 led to the removal of the ethyl species and resulted in an inactivo 
catalyst sample. This is once again at variancewith the analagous 
system based on silica, in which the appended alkyl. reacts readily with 
Tim 4 to yield an active polymerisation catalyst. 
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iv)' Qjgfin molymerisation The activity of catalyst samples 
for olefin polymerisation was demonstrated by exposure to ethylene and 
propyleno gase-se Polymer formation was evidenced by the growth of a 
transparent film on the surfaco-of the catalyst disc. Infrared spectra 
of the (0-H) stretching region were characteristic of polyethylene and 
polypropylene rospectivolYI3 (fig. 3.2 and 3-3). The spectra were not 
well resolved and peaki below 1200 cirl, normally used in estimating 
crystalline content, were not observed due to the absorptions of the 
oxide carrier. 
Ass4=ManjCL 
Polyethylene 
Polypropylene 
2955 cm7l Va CIS stretch 
2880 CE71 v8 CH3 stretch 
2920 cm7l Va C'I 2 stretch 
2860 cm7l v Of 2 stretch 
2955 cm7l Va CH3 stretch 
2880 'cm7l v GTý stretch 
2920 cmý" v a CM 2 stretch 
b) GMvimet and analxtical Atudie 
. 
i) TiCl 4 react ion. The reagent reacted in a reproducible manner 
with the oxide surface, exhibiting a constant weight increase and taking 
up a definite amount of Ti (25.5% of the totalveiGht gain). This 
corresponded to the fixation of 2.8 x 10 
19 titanium atoms on the 
magnesia surface. A model for the magnesia surface has been discussed 
by Anderson 76 0 He assumed that the surface consisted predominantly of 
the (100) crystallographic plane and estimated that after equilibrating 
in vacuo at 673K, the surface bydroxyl coverage was 0*5 monolayer (0,1 
- 
98- 
OH groups/I 
2). Thus a magnesia sample typically used in the Iresent 
investigation (50 mg* S*S*A* 170 m2, g7l. ) would have 8*5 x 1020 surface 
hydroxyl groups. The ratio of appended titanium atoms to available 
surface hydroxyl groups would be It3o Since not all the appended 
titanium atoms could be constrained in triple or even double coordination 
with the oxide surfacep the surfeit of hydroxyl groups would be as 
required for reaction 4-4. Thus it is envisaged that HM produced by 
the initial reaction of TiCl 4 with a surface hydroxyl reacts immediately 
with an adjacent hydroxyl forming water and precluding the further 
fixation of titanium species. At this stage the appended titanium was 
in its +4 statep imparting a faint yellow colouration to the sample. 
ii) Al(C 2H 5)3 reaction. Upon exposure of the Ti modified magnesia 
surface to the metal alkyll, an initial weight increase was accompanied 
by a co-IOUr Change from faint yellow to grey* This colour change is 
indicative of the reduction of the surface ri4+ species at least as far 
as the T13+ state. Subsequent exposure of this sample to oxygen 
resulted in oxidation back to ji4+ , evidenced by the sample changing 
colour to white. Evacuation of the reduced sample led to a loss of 
weight although this was irreproducible and in several instanden resulted 
in a nett decrease in sample weight. The nature of the overall weight 
change did not correlate with the ultimate polymerisation activity. 
Ligand exchange between the surface and an absorbed metal alkyl, 
15,31 
as proposed by several workerst is presumably the initial step: 
Mg-O-Ticl 3+ A'(CA33 NO. -O-Ticl 2* 0 2H5 + Al(CA32 -Cl. (4-9) 
4+ (TL 
- 
CA) bonds are'unstable at ambient temperatures and 
decompose by either a free-radical or bimolecular mechanism. leading 
ý 99 - 
to reduction of the transition meta, 40 0 Realkylation of the Ti 
3+ 
species 
is now possible, forming the relatively stable (Ti 3+ 
.c2H5) bondt 
)k-iD-IU : ci 2+ -Ll (C2V3 > Ng-, OMT' 
: 
el-C2"5' + Al(g2%)Cl 
Excess Al(,, =) can be easily removed by evacuation of the samplosp '2'15 3 
However the reaction products Al(C K) Cl. and Al(, I B')M 
* are more 252 "213 2 
strongly adsorbed on the surface and their complete removal is dependent 
upon the vacuum achieved in the vicinity of the sample. C: oMpjetG 
removal would be reflected in an overall weight loss arising out of the 
exchange of two chloride atoms for one ethyl group on each reacting Ti 
atom. If all the Ti reacted in the above fashion, then the expected weight 
loss on atypical sample containing 2,8 x 10 
19 Ti atoms would be 2 mg. 
However some of the Ti is initially in the form 
al 
OIE (equation 4.5) Cl 
and may not react" in the prescribed fashion. 2he theoretical weight 
loss would thus be reduced below 2 mg. A weight change of this order 
would be easily masked by the presence of 
'&l(C2X5)2C' and/or A'l(C 95)C: L2 
on the surface. Howeverg analysis failed to reveal the presence of 
aluminium in active catalyst samples. Tnfrared spectroscopy indicated 
that Al(C95 )3 was adsorbed on the magnesia surface. Since the surface 
hydrOxyla remained unperturbedg thispresumably occurred by adsorption of 
the metal alkyl, onto oxide sites. 2he failure to detect aluminium in 
any of these samples is quite likely an artifactp attributable to the 
low concentrationst comparable with the lower detection limit of the 
analytical tecbnique, It bas been suggested that a prerequisite for 
polymerisation activity is the existence of accessible, alkylated Ti3+ 
atoms3l. In this investigationo the available evidence certainly does 
not argue against this proposition. The irreproducible nature of the 
- 
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alkylation reaction does not permit elucidation of the role of aluminium 
atoms in the polymerisation mechanism. 
4. A. 2) jUafrarecl studiap 2A a rutile carrier. 
The fine structure normally associated with infrared studies of 
the rutile surface 
71 
was sutdveated to the requirement of the increased 
sample size necessary for the catalyst study. Four hydroxyl environments 
were initially discerned in the spectr= of the freshly prepared rutile 
surface (fig- 3.9,, 3.10). The small shoulder at 3730 cm7l has been 
attributed to the presence of silica impurities introduced durine 
preparation of the rutile, and concentrated in the surface 
115 
0 Peaks 
at 3700 cm; 
" 
and 3665 car' have been assigned to free bydroxyl groups 
and hydrogen bonded hYdroxYl groups on the rutile surface respectively. 
I broad absorption at 1640 car' in conjunction with theband at 3400 c=71 
indicated the retention of physisorbed water on the surface. The action 
of TiCl 4 vapoui removed all four of these bydroxyl bandeq revealing the 
presence of a hitherto unobserved hydroxyl absorption (3350 cm7l; 
fig. 3,9b) which did not react with the metal halidee This was attributed 
to intraparticulate hydroxyl groups whose escape at493X was retarded 
by the thickness of the oxide disc employed. The fixation of Ti to 
the rutile surface can occur by one of the reactionst 
Ti-OM T'C'4 % Ti-. o-TiC1 3+ Eci 
Ti-Oll Tici Ti. O, 1.01 
cl 
Ti +211C1 
Ti-Oll Ti-o ei 
The HC1 produced during these reactions does not react chemically with the 
rutile surface. 
- 
101 
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Subsequent reaction with Al(C K) introduced 0-3 stretching 253 
vibrations characteristic of an ethyl apeciest 
2955 cmrl v CH stretch 3 a 
2880 ci-1 CH v stretch 3 a 
2920 cd-1 Va CH2 stretch 
2860 ci" CH v stretch 2 8 
The appearance of these absorptions was accompanied by the emergence 
of a dark grey colouration on the oxide surfacev a condition reversed 
by exposure to oxygen and attributed to the reduction of Ti 
4+ by the 
metal alkyl. - 
Al(C2'5)3 4t/ c 2ý 
Ti-. O-Tim Ti-. O-Ti M 
ci 
1' 
0 C215 
c21 A' (FNA 3+,, eCl 
t Ti-O-Ti \C1 
The spectra produced during the growth of polyethylene and polypropylene 
on the rutile supported catalyst (fig, 3.99 3.10) are very similar to 
those obtained from the magnesia based catalyst. Unfortunately the 
very nature of the studies does not permit a quantitative comparison 
of the two carrier materials to be made. 
.1- 
pART alefin Polymg1risation gn st HApealn Su port2cl WiLyat. 
4-F-1) IK: inetic'b 0 
a) General introduction. 
Polymerisation was followed gravimetricallyt vieldini; reaction 
ý 102 - 
profiles of * the general form shown in fig, 4.1 
. 
POLYMER 
MASS 
0 TIME 
31me, 4.1. General form of the polymerisation curve. 
The initial rate of reaction fell off rapidly but after three days 
polymerisation activity was still discernible for both propylene and 
ethylene monomers, It was not found possible to repeat a given 
polymerisation curve (section 2. C. 11 precluding quantitative comparison 
of the activities of different catalyst samples. This was partially 
overcome by the use of split-temperature and split-pressure techniques 
but it has not been possible to quantify the relative reactivities of 
the two monomers studied. 
Encapsulation of particulate polymerisation catalysts by Growing 
polymer may occur when a high density of surface growth sites exists 
and there is no facility for removing the polymer formed. In such 
systems, if the reaction at the active centre is fast, then the rate 
determining stop becomes the transfer of monomer through the Crowing 
polymer film to the active centre. The kinetic principles of a mass 
transfer controlled reaction are classically embodied in the law which 
0 
s- 103 - 
describes tarnishing reactions at metal surfaces 
- 
in essonce the rate 
of reaction varies inversely as the extent of reaction, which on integration 
gives an extent of reaction having a square root/time dependence. Gas- 
phase olefin polymerisation with the magnesia supported Ziegler catalyst 
was found to obey such a rate law. Subsequent studies were formulated 
within a framework designed to add credance to the concept of diffusion 
controlled polymerisation. 
=essurn claDenclgllca of tha pol]Mgrigatjoal. 
Both ethylene and propylene polymerisations were found to be firat 
order with respeat to monomer pressuret underlining the similarities 
of the two olefinic reactions (fig., 3915; 3-19-ý tables 3.3; 3-5). 
Thus with n=1,, equation 3,, 7 becomest 
Cmk of 0 (3-11) 
essentially Hbnry9s law govezming dilute solutions Of the Monomer in 
its corresponding polymer. Such a relationship is implicit in the 
permeation theory developed by Barrer 90 
. 
However Ziegler polymerisations 
in slurryt or in solution, invariably display a first order pressure 
- 
dependence 15 
. 
so that neither mass transfer nor kinetic control may 
be distinguished at this stage. 
0) Manarature dauQndeAcjk Rr 
i) RtIalang J; 01=AriqA+jnn- The gradient of the (a t 
ý. 
c 02 
)/(t-tO) 
plot (equation 3*8) at constant pressure is given byt 
Xp 
- 
2k. k" (a p )2p. (3-9) 
If the active catalyst surface (a) and the polymer density (p ) are 
9- 104 - 
effectively temperature independent over the rance considered, then 
K contains two temperature sensitive terms, the rate constant (k) and the 
Henry's law constant M. The composite temperature dependonce for 
the polymerisation is embodied in the Arrhaniua equationt 
1ý 
- 
exp ( ant 
RT 
, where %ct is the apparent activation energy for polymerisation, For 
ethylene polymerisation, equation 3.13 was not obeyed at temperatures 
above 320n Decrease in polymerisation activity upon ageing the 
catalyst above 320r was observed and found to be a function of both 
the ageing time and the temperature employed (fig. 3*23). The 
. 
Arrhenius plots prior too and followingg ageing above 320r (fig-3,26) 
were parallel but vertically displaced, illustrating that the high 
temperature affected only the concentration of active centres and not 
their fundamental nature* Subscribing to the widely hold view that 
the active centre, is essentially a (Ti-C) bond 15P45 then the loss of 
activity must be attributed to rapture of this bond at elevated 
temperatures* However many Ziegler systems have been reported stable 
at temperatures exceeding 37OX. It would appear therefore that the facile 
deactivation experienced with the magnesia supported catalyst is a 
feature of either: 
- 
a) steric constraint of the active structure facilitating 
rupture by the mechanical action of the entangled polymer chains, 
chexical interference by the support or by species in the 
catalyst surface. 
It is not possible to quantify these factors and it seems probable that 
both contribute to the overall picture. Subsequent studies wore carried 
ý 105 - 
out below the decomposition temperature of 320X. 
The apparent activation energy for ethylene polymerisation over 
the temperature ranlre 273 to 3203C was found to be 36 
.0 14.2 kJO/mole. 
Values reported in the literature for other Ziegler systems are commonly 
116 between 11.0 and 42.0 kj'/mole For the combination TiM /Al a 3( 235)3 
in hydrocarbon slurry, Scbnecko 
117 
reported an activation energy of 
40.7 U/Mole for ethylene polymerisation, a figure similar to those 
obtained by Ireii 
17 
and Lanovskaya 
118 
0 Recently published work by 
Kbrobova'19 on a magnesia supported titanium catalyst in hydrocarbon 
suspension with an Al(i-]3u) 2ý co-catalyst gave a value of 37.8 k. T/mole 
for ethylene polymerisation. 'Ubwever the kinetic control of these 
polymerisations is not disputed, whereas in the present work there are 
indications of diffusion control, The close aM ement between literature 
values and the present work must therefore be subject to reservations. 
This point is discussed fully in section 4. D. 
ii) Prop-ylene Rolymerisation The reaotion oboyed the Arrhenius 
law (equation 3.13) over the temperature range 273 to 320r 
- 
below the 
decomposition temperature of the catalyst, The value determined for 
the apparent energy of activation of the polymerisation (28.6. * 2*9 kX/mole) 
falls within the range reported for propylene polymerisations in Ziegler 
systems 
116 
* 
Once again, precise parallels with the literature are not 
possible due to the novel system studied in this work. 
ng efgilct Af magOUS immuritigla gn tbA iDolvmrill tion of ethlloafk 
i) Wdrom. Th co=ercial Ziegler polymerisations hydrogen has 
been employed as a chain terminator for molecular weicht control, acting 
according to reaction 4.14. The residual Ti-M group may itself form 
- 
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an active centre (reaction 4.15) or be activated by the organometal 
co-catalyst (reaction 4.16). 
Ti-polymer + H2 Ti-H + H-Polymer (4.14) 
Ti-II +C 21a 4 Ti-C 211 5 (4.15) 
Ti-H + Ti-R + AlrM2 (4.16) 
In the present work, the presence of hydrogen gas in the reaction vessel 
had no effect on the rate of ethylene polymerisation at 308r,, It Gooms 
111cely-that the activation energ7 of the termination stop is sufficiently 
high to prevent the insertion of the hydrogen molecule into the Ti-polymor 
bond at the temperature concernedi Since catalyst decomposition became 
impOrtant-above 320r,, the study of hydrogen termination at elevated 
temperatures was not pursued. 
ii) oxygen. 'When an active catalyst sample was treated with 
oxygen, the polymerisation activity was destroyed. ý Simultaneously the 
grey colour of th4 catalyst surfaceg produced during activation and 
characteristic of a reduced oxide surface, was removed. These observations 
are in accord with the sensitivity exhibited by Ziegler combinations (and 
their separate components) towards ozygen, Tho oxygen readily attacks 
the organo-titanium. bonds which form the active centres, Oxidation is 
heightened when strongly reducingg, low valent titanium species are 
present, generating the stable 'ri4+ state. 
The consequences of this oxygen sensitivity in kinetic studies 
are such that the presence of small amounts of oxygen in feedstocks 
can seriously distort the kinetic picture. The irreproducibility of 
the kinetic data in the present work was attributed to oxygen contamination. 
That this interference was important only during the catalyst preparation 
stage was evidenced by the adherence of the polymerisation reaction to 
- 
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equation 3.8 for the first eight hours of reaction. The source of 
contamination during catalyst activation appeared to be associated 
with polymer growth on the valls of the reaction vessel. It vas 
concluded that oxygen desorption from this spongy material during 
catalyst activation resulted in catalyst poisoning. 
iii) D2 00 The susceptibility of the catalyst to hydrolysis 
was evidenced by complete destruction of polymerisation activity, 
accompanied by a large weight increase and removal of the surface 
grey colouration, Ti-Clt Ti-C and Al-C bonds are especially sensitive 
to moisture, and the reduced titanium species would be oxidised through 
to the I, & state. 
Such reactions further underline the importance of impurity 
levels if meaningfull kinetic data are sought. Particularly vith the 
present catalyst system, the lack of a co-catalyst reservoir to scavenge 
impurities and regenerate poisoned sites is significant in the context 
of kinetic reproducibility. 
4. B, 2) The nature of the Dolyng mAtVZL&J. 
a) Introduction. 
Ethylene and propylene polymerisation on the supported catalyst 
resulted in the formation of a transparent polymer filat clearly visible 
on the catalyst surface. The relevance of the ma cro scopic structure 
of the polymer film to the elucidation of a kinetic model was recognised 
Ehcapsulation of the catalyst particles by a regular polymer film would 
not contravene the bypothesis of diffusion control. Conversely, 
-108- 
dendritic growth of the polymer would argue against mass 
transfer control. 
Solubility studies. 
The catalyst particles,, readily wetted and dissolved by 
dilute aqueous acidsj becwne hydrophobic and insoluble after 
polymerisation. They remained insoluble even after wetting in 
the presence of a surface active agent. This behaviour is 
indicative of a continuous and impervious polymer film on the 
catalyst surface. Removal of the polymer by an organic solvent 
(boiling tetralin) restored the original catalyst solubility 
properties. Olefin monomer transfer through such a polymer 
film would of course be relatively facile in view of the 
91. 
favourable Flory/Huggins interaction parameters. 
0) Scannin&-electron microscopy 
The polymer appeared as a continuous surface film, except 
for a few isolated patches where dendritic graath was observed 
(figure 3.36b). This contrasts with the work of Rodriguez 
31 
120. 
and Guttman who reported fibrous polymer growths when 
polymerisation occurred on TiCl 3 crystals actiirated by Al(CH 3) 3' 
Guttman proposed the growth of surface fibrils fram clusters 
of active sitess as shown in figure 4.2. Rodriguez clearly 
sho-ma'the occurrence of such isolat6d fibrils along the grmyth. 
spirals of d -TiC1 3 crystals. He proposed that atomic disorder in 
thesegrowth spirals satisfied the prerequisites of active site formation 
ý 109 - 
i. e. accessible titanium atoms. In the present work the isolated 
surface titanium species present a comparatively open etructure., to the 
2 
34 
FiLlu. re A*2* Polymer fibril. growth from active site clusters,, 
as proposed by GuttmanI20. 
organometal, co-catalyst. It is envisaged that this would lead to a high 
density of active sitest uniformly distributed over the surface, Polymer 
- 
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- 
growth on this model would then occur as shown in figure 4*3ý appearing 
as a coherent film. 
1. 
0 
4. 
2. 
i 
AM 4.1. Me growth of polymer as a continuous film from 
a uniform distribution of sites* 
4-B-3) Mumarl 09 nolvwd8aticln data 
Consideration of the available evidence suggosts a novel kinetic 
-111- 
approach to this system. Once polymerisation is established,, the 
catalyst surface presents a continuous polymer film through which the 
monomer must pass before being incorporated into the Wvwing chain 
, 
The rate of polymerisation obeys a law (equation 3.8) derived on the 
assumption that the controlling factor is the rate of monomer transfer 
from the gas phase, through the polymer film to the growth contre. 
The apparent activation energies (Z ) for the polymerisation aot 
of ethylene and propylene are comparable with those reported for 
I 
conventional Ziegler catalysts where the rate is under kinetic control. 
Ebwever, in the event of diffusion controlg the value of X would 
act 
simply reflect the activation energy for permeation of the monomer 
through its associated polymer. No such permeation data were available 
in the literature. * The dichotomy was. resolved by experimental 
determin tion of the relevant permeation datat discussed in the next 
section. 
PART 0 Permogtion Studies. 
4.. C-1) Th's yj/(C 11 ) sYstOm- 
-21n 
Those parameters characterising gas permeation in polymers can 
be. substantially altered as the temperature increasei and passes through 
the glass transition temperature (T 9) of the polymer97. This reflects 
the changes in polymer molecule mobility occurring in the region of T9 
For linear polyethylene the glass transition temperature occurs around 
121 148K 
, 
sufftWmtly far removed from the temperature range with which 
the present work is associated. 
ý; 
- 
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The pe=eation curves for the two polyethylenes studied show 
the same features (fig. 3.37; 3.38). The initial curved'portion of 
the plot gives way to the linear relationship signifýrine the onset of 
steady-state mass transfer. ror both materialst the intercepts of the 
linear portions on the time axis (8 ) are too small for accurate 
determination, This precludes evaluation of the diffusion coefficient 
(D) and the solubility (S) of ethylene in the polymerst although 
determin tion of the permeability (P), and hence Ep, is sufficient 
for the present investigation* P. obtained from the slope of the 
linear portion, obeys an Arrhenius type law (equation 3.15). The 
values of the activation energy for permeation (E p) are very similar 
for Marlex (37.8 k. T*/mole) and Additive-free (45.4 kZ. /aole) polyet4lenes. 
This indicates that the mecbanism of transfer is identical in the two 
solids. The permeability of a material reflects 16oth the pre3ence 
of extraneous materials (additives such as pla3ticisers) and the thermal 
history of the sample 
91,92 
0 The polymer films used in this work wore 
pressed from polyethylene powders under standardised conditions. Thus 
the lower value of P. -recorded for Marlex polyethylene (cf. Additive-free 
polymer) is probably a consequence of the OimpurityO level of the 
co=ercial polymer. 
There are many reports in the literature of pemeation studies 
'with the '-Yn4/(C2F4)n system' Hbwever, in view of the wide apectrum 
of materials and conditions employed in such studies, meaningful 
comparisons with the present work are not possible. MichaelSI22- 
found that the activation energies for diffusion (zD) of semi. -Permanent 
gases in linear polyethylenes were given by the empirical relat; ionshiP: - 
ED = 2.2 (d 9- 
J- 0 +) + 2.6 (4-1) 
ý 113 - 
where d9 is the diameter of the gas molecule (in 11 assumed spherical) 
and 4 is the approximate mean unoccupied distance between two chain 
segments in 1. Lipman. 
32 
used this equation to estimate a value for 'R D 
of 48.7 k. T/mole for ethylene in polyethylene. ED differs from Ep by 
the heat of solution of the monomer in the polymer (A %). This was 
estimated at around 12,6 k-T/mole and the calculated -walue of Ep (35 kJ12ole) 
compares favourably with the experimental values of 37.8 and 45.3 k. T/mole 
for the two polyethylenes studied here. 
4. C. 21 The Cr system. A/(C-3%) )a 
The Class transition temperature for polypropylene is around 250r, 
well below the range of temperature studied in this work 
121 
0 The 
initialO cufved parts of the permeation graphs (fig. 3.40) are more 
pronounced than for polyetbylene. Thus it was possible to accurately 
determine the time lag E) 
, and through equation 1.12 to study the 
temperature dependence of D and S as well as that of P. 
12 
6() 
DS 
(1.12) 
(1.6) 
The variables Pp D and S are related by equation log. their pro-exponential 
factors (equations 1.7,1.8,1.9) by equation 1*119 
P0=D0S0 
and their activation energie3 by equation 1.10, 
(1.11) 
Ep Eý + 
The inherent errors of the extrapolation employed in determining Pop D0 
ý 114 - 
and So (fig. 3.41; table 3.16). are reflected in the rather tenuous 
obedience to equation 1.11. E me vert equation 1.10 is obeyedt 
% (46,6 
- 
14.7) 
- 
349 k. T/=lo. 
Ep- 32*8 k. T/mole. 
The solution of propylene in polypropylene is an exothermio process, 
evidenced by the negative sign of A %- Now A IIS is a compound leim 
comprining the algebraic sm of the molar enthalpy of condensation 
(*A ý: 
ond) and the partial molar enthalpy of mixine (A H, ) of the monomer 
in the polymer (equation 4.2). 
%-A "Cond +A 'ý (4.2) 
For C I"r6 at ambient temperatures, A3 can be estimated from "3 cond 
the Clapeyron/Clausius equation. This calculation yields a value of 
19 W/mole for 
'N Er cond' 
indicating that for the propylene/polypropylene 
system, A T1, is positive (i. e. endothermic). 
ED has more theoretical significance than Epp representing the 
activation energy of the process by which the penetrant molecule moves 
tbrough the polymer. It can be subdivided into the energy required for 
the formation of holes within the polymert and the energy necessary for 
the penetrant molecule to move from hole to hole123. Increase in temperature 
has two effects. Firstly the increased molecular activity of the polymer 
results in a larger number of holes available for the propagation process. 
And secondly it produces a larger proportion of penetrant moleculeswith 
the requisite thoppingO energy, These factors are of course additive 
and are reflected in the positive siga of ED* 
ý 115 - 
PART D The OveL%ll Reaction achem 
The rglil of tha carriAr. in +hg pgljMrlaatjgn g&tAjXLt* 
nw supported Ziegler catalysts bave been reported in the literature 
and none in sufficient detail to quantify the role of the carrier in 
the mechanistic scheme. McInnich35 reported that additions of metal 
oxides to hydrocarbon slurries of Ziej; Ier catalysts resulted in rate 
enhancement in direct proportion to the oxide basicity, in dry form, 
36 S'02 v TiC12 and IW can be used to support an active catalyst. However, 
variatiozw in the ultimate performance of these supports are inherent, 
due to the different chemical responses of the oxide surfaces to tho 
catalyst components. Reaction of TiCl 4 at the silica surface is less 
compleX than for magnesiag, vhere side reactions involving EM lead 
ultimately to the formation of water and Embsequent partial hydrolysis 
of adsorbed titanium species* It is unclear to vhat extent this latter 
reaetion occurs and it is difficult to assewits importance in catalyst 
activity, The acidic bydroxyls of the silica surface react readily vith 
organo-all"nimium vapourS36 40 In contrast, the basic macnesia hydroxyls 
remain unperturbed in the presence of aluminiun triethyT. Thus the surfaces 
of supported catalysts prepared in identical fashion may vary considerably 
and carefully planned experiments must be made to compare carrier efficiencies. 
Rodrigues3land Cosse955 contend that exposed titanium atoms are 
the essential prerequisites for active site formation. The reduced, 
, ri3+ isolated species produced on the surface of the supported catalyst 
fulfill)the above conditions. In this respect the particle-sizel, 
porosity and surface roughness each assume significance. Thus it ip- 
to be expected that whereas with conventional- eC 
-TiC1 3 crystals the 
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Growth centres exist only in re ýgions of surface disorder3l t with a 
suitable supported catalyst a larger and more uniform population of 
active contras would be created#' 'When such a high density of surface 
sites exists, decomposition by an intermolecular mechanism (reaction-1.2) 
becomes more likely, The loss of catalyst activity above 320K observed 
in the present work may reflect the lability of closely spaced active 
centres. High site density is also indicated by polymer encapsulation 
of the catalyst, evident at very short reaction times. Optimisation 
of site density and stability for the magnesia supported Ziegler catalyst 
could presumably be achieved by strict control of surface hydroxyl 
population 
- 
the potential active centres. 
Even small amounts of catalyst poisons (oxygeng moisture) can 
drastically affect the catalyst activity and no site regeneration meebanism 
ezists. Informative experiments an progressive poisoning by the 
introduction of successive aliquots wereprecluded by the apparatus used. 
4. D. 2) = pAtura of tha actiyjl aita and thg ; ggehaninm of 'noLuerination. 
Pblymerisation activity was conferred on the magnesia support by 
the initial reaction of TiCl and subsequent exposure to Al(C' "I ) 4 '2"5 3* 
This activity was characterised by the fixation of an ethyl species 
on the catalyst surface and by a grey colourationg indicative of Ti3+ 
species, The destraction of catalyst activity by oxygen or moisture 
is further evidence for the importance of reduced titanium species, 
which are readily oxidised to Tj4+, Identical criteria for polymerisation 
activity were established for the rutile carrier and similar observations 
have been reported for the SiO *1ý system36. : Por the 2/ 'Cl4'Al(ClY3 
- 
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magnesia support at least, the role of aluminium in the growth centre 
cannot be unambiguously definedo although gravimetric and analytical 
studies could not detect the metal in active catalyst samplece 
An alkylated n3+ species an the magnesia surface would possess 
a vacancy in its coordination sphere, deemed necessary in the most 
cogent polymerisation. mechanism55 0 Coordination of the incominj; 
monomer to the transition metal restats in the weakening of the olefinio 
bond by electron donation to the d-orbitals of the metal* Attempts 
have been made to detect the elongated (C: =)bond of the coordinated 
monomer by infrared studies under polymerisation conditions 
124. Failure 
to do so may be attributed to rapid insertion into the growing polymer 
chain. In the event of catalyst encapsulation by the growing polymer,, 
this rapid insertion step would place the onus of rate control upon 
mass transfer processes. 
an the evidence presented in the preceding chapters it is possible 
to formulate a reaction scheme for activation and polymerisation in the 
magnesia supported Ziegler catalyst (figure 4.4). (overleaf). 
4- 
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mizire-A. A. Reaction scheme for activation and 
polymerisation of the magnesia supported 
Ziegler catalyst* 
a. 119 - 
A similar scheme may be formulated for the rutile supported 
catalyst (figure 4-5). 
Ti-olf 
Tial 
lo, 
T"O-T'C'3 +M 
A' (C'21Y 3 
1 oo 
Ti--O-Ticl 2(CA) + A'(Ch)2C' 
Iý0cA 
Ti-O-Ticl 2 
2 '5)3 
T"O-T'C' (Chl + AL(C2'YCl 
CA 
I op 
Ti-O-Ti-cl ate. 
I 
ýCý2)270'h 
Fisno 4.5. Reaction scheme for activation and polymerisation 
for the rutile supported Ziegler catalyst. 
- 
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4. D. 3) QoaclUgigo from thg Icingtic UjMdlns. 
The 3act values determined for the polymorisation of ethylene 
and propylene on the magnesia supported catalyst are compared in 
table 4.1 with the corresponding values of E For diffusion controlled p 
polymerisation, %ct is in fact equivalent to Ep The close aweemont 
between experimental values of N and 9 demonstrates their equivalenco 
act p 
system r k. T/mole. 
act 
C041(a 2H4)n 36.0 +4.2 
c 3H6'. 
(C3"6)n 28,6 t 2.9 
a) Marlex polyethylene 
x Wmole. 
p 
37.8 t a5 
45.4 1 1.3 
32*8 ± 3.8 
b) Additive free polyethylonc- 
T_kble 4.1. Values of X and E for CH and C. Ir, 
act p2436 
in their corresponding polymers. 
and further supports the concept of mass transfer control. In view 
of the tenuous approximations of the permeation conditions to those 
obtaining in the pol7merisation reaction,, the observed agreement is 
remarkablet reflecting the relative insensitivity of E to the thermal p 
history of the polymer sample. 
An attempt vas made to compare the rate of polymer growth durine 
- 
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reaction with the monomer uptake predicted by the pormoation data* 
Assuming a polymer density of='- 0.93 9-cm73 at 308K. for polyethylene 
on the catalyst surface, the thickness of the polymer film was estimated. 
The rate of polymer growth at this film thickness (and hence the amount 
of monomer arriving at the catalyst surface) was deduced from the 
experimental data. Using this information it was possible to calculate 
the permeability (P) of the monomer through the polymer film, The 
value of P obtained in this fashion for the CX AC H) system was 2424n 
lower (by a factor of: L'--10 2) than that determined by the conventional 
permeation studies, The susceptibility of P to the microstructure 
of the polymer is well documented9l, Since the polymer samples used 
in the two different studies are un'S ly to bear any resemblance other 
than an the molecular seal% comparison of the values obtained from the 
two sources vas considered meaningless and was not pursued. 
7heavidence in favour of a diffusion controlled polymerisation 
system appears conclusive and may be summarised. - 
a) the catalyst rapidly becomes encapsulated by a coherent 
polymer film, f 
b) the polymerisation rate obeys a law analogous to that describing 
classical diffusion controlled reactions, 
c) the apparent activation energy, for polymerisation is very 
similar to the activation energy for permeation. 
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